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Abstract
One of the theories of galactic evolution is that large structures grow, hierarchically, from the merger
and accretion of smaller ones. Evidence for this lies in the spectacular stellar streams observed around
the Milky Way, Andromeda and other galaxies within and beyond the Local Group. In this thesis I
study two stellar structures in the outer halo of Andromeda: the North West Stream (NW Stream) and
an intriguing filamentary feature, the Eastern Extent located proximate the Giant Stellar Stream. The
NW Stream comprises two separate segments thought to be parts of a single structure entwined around
Andromeda. The upper segment of the NW Stream is co-located on-sky with the dwarf Spheroidal
galaxy Andromeda XXVII. Using data from the Pan-Andromeda Astronomical Survey, I compare
the kinematic and spectroscopic properties of these two features and find it plausible that Andromeda
XXVII is being tidally disrupted by Andromeda and could be the progenitor of the upper segment of
the NW Stream. Comparing velocity gradients and model orbits for both segments of the NW Stream,
I find evidence that they are both infalling towards Andromeda indicating that it is unlikely that the
NW Stream is a single structure. I also derive predictions for the proper motions for both stream seg-
ments, which I find to be consistent with similar predictions for Andromeda and Andromeda XXVII.
With respect to the Eastern Extent, I find it has kinematic and photometric properties consistent with
other nearby features, i.e. Stream B and one of the substructures in Stream C, Stream Cr, plausibly
linking these features. When I compare my results for the Eastern Extent to the properties of the
Giant Stellar Stream I find that the Eastern Extent could plausibly comprise stars stripped from the
progenitor of the Giant Stellar Stream. I conclude that further modelling is required to determine how
the Giant Stellar Stream, the Eastern Extent and Streams B and Cr were formed.
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Chapter 1
Introduction
1.1 The formation and evolution of galaxies
The 20th century has seen many advancements in science and scientific theory with Lambda Cold
Dark Matter (ΛCDM, Blumenthal et al. 1984, Peebles 1998) plausibly one of the most significant.
ΛCDM describes the growth of large scale structure in the Universe over cosmic time, encapsulating
the concepts that the Universe is expanding, that this expansion is driven by dark energy, and that dark
matter is a significant component of the Universe.
Theories regarding the expanding universe were developed during the first few decades of the
1900s. Einstein published his theory of General Relativity in which he defined a cosmological con-
stant, Λ, to provide an opposing force for gravity in order to retain a steady state Universe (Einstein
1915). Friedmann, building on this work, showed Λ to be the driving force behind the expansion
of the Universe (Friedmann 1922), which subsequently became associated with the term Dark En-
ergy (Huterer & Turner 1999). In 1927 Lemaıˆtre made the connection between the expansion of the
Universe and the redshifted velocities of galaxies (first reported by Slipher 1913), which was subse-
quently confirmed by Hubble (1929). Hubble’s observations of∼46 galaxies led him to conclude that
the speed at which the Universe was expanding, i.e. the speed at which galaxies were receding from
an observer on Earth, was proportional to the distance between the observer and the given galaxy.
More recently, in the 1990s, the rate of expansion of the Universe was discovered to be increasing
(Riess et al. 1998, Perlmutter et al. 1999, The Planck Collaboration 2018).
The concept of dark matter emerged in the 1930s when work by Zwicky (1933) on the Coma
galaxy cluster found its mass to be significantly larger (∼400 times) than it should be, based on its
luminosity. This mass difference was attributed to dark (cold) matter, i.e. invisible matter, moving
at non-relativistic speed, interacting only gravitationally with other particles. When Smith (1936)
obtained similar findings in the Virgo Cluster the evidence for the existence of dark matter increased.
Findings by Rubin and her collaborators (Rubin 1983, Rubin & Ford. 1970, Rubin et al. 1982) showed
that many galaxies appeared to exist in significant dark matter halos, indicating that dark matter was
endemic across the Universe.
Complementary to the work on ΛCDM was the development of a “cosmic timeline” for the Uni-
verse. Ultimately accepted into popular culture as the “Big Bang” theory, it was Lemaıˆtre (1931)
who first put forward the idea that, if the Universe was expanding, it should be possible to trace its
origins back to a sudden expansion of a “primeval atom”. Figure 1.1 shows the stages of development
of the Universe, from its beginning to the present day. Seconds after the “Big Bang”, ∼13.8 billion
years ago (The Planck Collaboration 2018), our Universe began to expand and cool. This created the
perfect environment for baryons to form the first nucleii of hydrogen and helium and then to create
the first atoms. Over time, and as the Universe continued to cool, the atoms combined to form the first
10
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Figure 1.1: Epochs of the Universe. Image credit: NASA/WMAP Science Team. Original version: NASA;
modified by Cherkash, Public Domain https://commons.wikimedia.org/w/index.php?curid=
11885244
Population III stars which, in turn, aggregated into the first galaxies. As stars within the galaxies aged
and died, some in spectacular supernovae explosions, heavier elements beyond hydrogen and helium
(up to and including Iron) were created and scattered across the Universe, providing the necessary
building blocks for its continued growth and expansion.
Over the decades the ΛCDM model has been remarkably robust in explaining the large scale
formation and evolution of the Universe including the hierarchical growth of large objects through
the accretion of smaller ones (Searle & Zinn 1978, White & Rees 1978, Bullock et al. 2001, Springel
et al. 2006) and the Cosmic Microwave Background (Smoot et al. 1992). However, with regard to
smaller scale structure there are some challenges. The most notable of these are:
• The Cusp/Core problem - ΛCDM predicts that, absent baryonic effects, the density profiles of
dark matter halos should be cusped i.e. where the mass density profile changes as a function of
distance from the centre ∝ r−1 (Navarro et al. 1997, Navarro et al. 2010, Frenck & White 2012,
Bullock & Boylan-Kolchin 2017). Meanwhile observations of resolved stellar populations of
dwarf spheroidal (dSph) galaxies are more consistent with cored density profiles i.e. where the
mass density distribution is best described as a central constant density core ∝ r0 (Flores &
Primack 1994, Moore 1994, Burkert 1995, Read et al. 2016).
• Missing satellites - the number of satellites observed around the Milky Way (MW) is signifi-
cantly less than expected from ΛCDM based simulations (Klypin et al. 1999, Moore et al. 1999,
Bullock & Boylan-Kolchin 2017).
• Planes of satellites - are not expected to exist if satellites are distributed randomly about their
host galaxy. However ∼10 planes of satellites have been discovered around galaxies, including
11
1.2. ANDROMEDA - OUR SISTER GALAXY
Figure 1.2: The Andromeda Galaxy. The left hand panel shows the first photographic image of what was then
the “Great Andromeda Nebula”. This public domain photograph is taken from Roberts (1893). The right hand
panel shows a more recent photograph, obtained using a hydrogen-alpha filter in September 2010. The image
shows satellite galaxies NGC 205 above and M32 below and to the left of the M31 disk. Image credit: Adam
Evans, https://commons.wikimedia.org/w/index.php?curid=12654493
one around the MW (Kunkel & Demers 1976, Lynden-Bell 1976, Metz et al. 2009, Kroupa
et al. 2005, Pawlowski et al. 2013), two around Andromeda (Ibata et al. 2013, Ibata et al.
2014b, Conn et al. 2013, Shaya & Tully 2013) and one around Centaurus A (Tully et al. 2015,
Mu¨ller et al. 2016, Mu¨ller et al. 2019, Libeskind et al. 2019).
These theories and their associated issues are continually being tested to refine the ideas and
models that lead us towards a greater understanding of how the Universe works. My research is
focused on the ΛCDM concepts of galactic evolution, using observations from one dwarf galaxy
satellite, Andromeda XXVII, and two stellar structures, the North West Stream and the Eastern Extent,
in the outer halo of the Andromeda Galaxy.
1.2 Andromeda - our sister galaxy
What was once described by the Persian astronomer Abd al-Rahman al-Sufi, circa 964, (see Hafez
2010 which includes an English translation of al-Sufi’s work) as ”a little cloud” is now known to
be larger than our own galaxy and surrounded by a rich array of globular clusters, dwarf galaxies
and spectacular stellar streams. Andromeda was first included in Charles Messier’s 1774 catalogue
of astronomical objects and assigned the reference M31. The first estimate, albeit an incorrect one
of Andromeda’s heliocentric distance (∼18,000 light years, derived using the colour and luminosity
of the galaxy) was made by Messier (1774). The first photograph of Andromeda was published by
Roberts (1893), see Figure 1.2, and the first estimate of Andromeda’s radial velocity, −300 km s−1
(obtained using spectrographic analysis techniques) was determined by Vesto Melvin Slipher (1913).
Still considered to be a nebula within the MW, it was not until 1929, when Edwin Hubble published
12
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his findings that Andromeda was not part of the MW, that Andromeda (M31) was recognised as a
separate galaxy in its own right (Hubble 1929).
M31 provides a powerful complement to the MW allowing us to test our theories on its structure
and evolution to see if they are particular to our Galaxy or more widely applicable. M31 is close
enough (∼783 kpc, McConnachie 2012) to us that we can observe and resolve stellar populations
along the Red Giant and Horizontal Branches using ground based telescopes and to the Main Se-
quence Turn Off using spaced based telescopes. Such observations enable us to discern low surface
brightness structures in and around M31, as can be seen in the metallicity density plot of the PAndAS
survey region depicted in Figure 1.3. M31 has a similar Spiral galaxy morphology to the MW; has
evolved in the similar low density environment to the MW and, with an inclination of ≈77◦, enables
us to see most of the halo and the tidal features, satellites and globular clusters surrounding it. There
have been many studies of M31 over the years, including those by Walterbos & Kennicutt (1988),
Mould & Kristian (1986) and Pritchet & van den Bergh (1988), which have intensified over the last
decade with several significant surveys covering the whole of M31 and its surrounding area. These
include:
• The Pan-Andromeda Astronomical Survey (PAndAS, McConnachie et al. 2009). PAndAS used
the Canada-France-Hawaii (CFHT) Telescope with the MegaPrime/MegaCam camera to obtain
g and i band imaging extending over 300 degrees2, covering the environs of M31 and M33 out
to projected radii of ∼150 kpc and ∼50 kpc respectively (see Figure 1.3 and 1.4). The aim of
the survey was to test and constrain prevailing cosmological models of galaxy formation.
• The Spectroscopic and Photometric Landscape of Andromeda’s Stellar Halo (SPLASH, Gilbert
et al. 2009b, 2012, 2014, Kalirai et al. 2010), Tollerud et al. 2012) used the DEIMOS spectro-
graph on the Keck II telescope to retrieve spectroscopy and photometry to explore the properties
of M31’s stellar halo and many of its satellite galaxies.
• The Panchromatic Hubble Andromeda Treasury (PHAT, Dalcanton et al. 2012) is an ongoing
project using the Wide Field Camera 3 and the Advanced Camera for Surveys on the Hubble
Space Telescope. It was established to explore M31’s initial mass function, the evolution of
its globular clusters and gain greater understanding of Andromeda’s star formation history, in
particular the growth of the disk and the impact of tidal interactions.
• The Initial Star formation and Lifetimes of Andromeda Satellites (ISLAndS, Skillman et al.
2017, Monelli et al. 2016, Martı´nez-Va´zquez et al. 2017) was set up to detail the star formation
histories of six of M31’s satellite galaxies, And I, And II, And III And XVI, And XVI and And
XVIII, using imaging from the Hubble Space Telescope.
As a result of these surveys we are gaining a more comprehensive view of the stellar streams,
satellite galaxies and globular clusters around M31, which are shown diagrammatically in Figure 1.4.
We are also gaining more insights into the properties of M31 itself, see Table 1.1 as well as a better
understanding of:
• The formation of M31 - the prevailing theories include formation by a series of minor accre-
tion events (Ibata et al. 2005a,b, 2007, Fardal et al. 2008, Davidge et al. 2012, Miki et al.
2016) and formation by major mergers and/or significant interactions with satellite galaxies
(McConnachie et al. 2009, Hammer et al. 2010, 2018, D’Souza & Bell 2018a).
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Figure 1.3: A PAndAS view of M31. Metallicity density plot of the PAndAS survey region. The blue, green
and red colours correspond to metallicities of −2.3, −1.4 and −0.7 respectively. The data have been smoothed
with a Gaussian kernel. The dashed circles indicated projected radii of ∼150 kpc from the centre of M31 and
∼50 kpc from the centre of M33. The centre of M31 contains a scale image of the galaxy to indicate the scale
of the PAndAS coverage. Image credit: Martin et al. (2013b).
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Figure 1.4: The PAndAS footprint. The dashed circles show projected radii of 50 kpc, 100 kpc and 150 kpc
from M31, and 50 kpc from M33. The grey polygon denotes the outline of the PAndAS footprint. Red dots
indicate known globular clusters at projected radii of greater than 1 degree from M31. Blue ellipses correspond
to known dwarf galaxies in the PAndAS footprint. Stellar substructures, e.g. shells and/or streams, in the halo
of M31 are outlined in green. Figure reproduced from McConnachie et al. (2018), c©AAS. Reproduced with
permission.
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Property Value Reference
αJ2000 00:42:44.3 McConnachie (2012)
δJ2000 +41:16:07.5 McConnachie (2012)
D 783 ± 25 kpc McConnachie (2012)
vr ∼-300 Slipher (1913)
L ∼ 2.6 x 1010 L van den Bergh (1999)
Mv −21.2 van den Bergh (1999)
M 1.5+0.5−0.4 x 10
12 M Pen˜arrubia et al. (2014)
[Fe/H] −1.4 . [Fe/H] . −0.4 Gilbert et al. (2014)
Disk scale length 5.9 ± 0.3 kpc Ibata et al. (2005a)
Table 1.1: Properties of M31
• M31’s morphology - including analysis of its inner, outer and smooth halos and the thin and
thick disk by Ferguson et al. (2005), Brown et al. (2006b, 2007), Richardson et al. (2008),
Gilbert et al. (2009a), Tanaka et al. (2010), Collins et al. (2011a), Lewis et al. (2013), and Ibata
et al. (2014a).
• M31’s kinematic, photometric and spectroscopic properties - determined by: Johnston et al.
(1999), Chapman et al. (2006), Gilbert et al. (2007, 2012, 2014, 2018), Koch et al. (2008),
Richardson et al. (2009), Sohn et al. (2012), van der Marel et al. (2012a,b), Fardal et al. (2013),
Kafle et al. (2016), Escala et al. (2019).
1.2.1 Andromeda’s Satellites
The ΛCDM paradigm postulates that larger structures, such as M31 and the MW, are created and
evolve by merging with and accreting smaller, dwarf, galaxies. M31 is host to more than 30 dwarf
galaxy satellites the majority of which are dwarf spheroidal (dSph) galaxies. Other morphologies in-
clude: NGC147, NGC 185 and NGC 205, which are dwarf ellipticals (dEs); And IV, the Pegasus dIrr
and possibly And XXVIII are dwarf irregulars (dIrr); M32 which is a compact elliptical (cE); IC10
which is a starburst galaxy and M33 which is classified as an SA(s)cd (ie. a spiral (S) galaxy without
a central bar (A) where the spiral arms emanate from the galactic nucleus ((s)) and are not tightly
bound (cd)) type galaxy. The properties of all of Andromeda’s satellite galaxies are summarised in
Table 1.2, with a short description of each one individually and their coplanar behaviour presented in
Appendix A.
1.2.2 The Stellar Streams of Andromeda
Stellar structures, such as streams and shells, have been researched for decades (Toomre & Toomre
1972, Quinn 1984). Streams are formed when stars escape from a satellite galaxy experiencing tidal
disruption by a host. The stars leave the satellite through the Lagrange points of the combined
host/satellite system. Stars leaving via the inner Lagrange point (between the host and the satel-
lite) fall into lower energy orbits with a shorter period than the satellite and form the “leading” tail of
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Name
α δ D vr σv [Fe/H]
rh M∗ MvJ2000 J2000 (kpc ) ( km s−1) ( km s−1) (pc) (x106 M)
Andromeda I 00:45:39.8 +38:02:28 748 −376.3±2.2 10.2 ±1.9 −1.4±0.03 672 ±69 5.69 −11.9±0.1
Andromeda II 01:16:29.8 +33:25:09 656 −192.4±0.5 7.8 ±1.1 −1.3±0.01 1176 ±50 10.94 −12.6±0.2
Andromeda III 00:35:33.8 +36:29:52 751 −344.3±1.7 9.3 ±1.4 −1.7±0.03 479 ±46 1.20 −10.2±0.3
Andromeda IV 00:42:32.3 +40:34:18 7170 −234±1 -12.9±0.1
Andromeda V 01:10:17.1 +47:37:41 777 −403.0±4.0 11.5 ±5.3 −1.8±0.21 315 ±46 0.67 −9.5±0.2
Andromeda VI 23:51:46.3 +24:34:57 785 −339.8±1.9 12.4 ±1.5 −1.5±0.31 524 ±49 3.97 −11.5±0.2
Andromeda VII 23:26:31.7 +50:40:33 764 −307.2±1.3 13.0 ±1.0 −1.4±0.33 776 ±42 19.73 −13.2±0.3
Andromeda VIII 00:42:06.0 +40:37:00 ∼-504
Andromeda IX 00:52:53.0 +43:11:45 770 −209.4±2.5 10.9 ±2.0 −1.9±0.61 557 ±29 0.35 −8.8±0.3
Andromeda X 01:06:33.7 +44:48:16 674 −164.1±1.7 6.4 ±1.4 −1.9±0.13 265 ±33 0.10 −7.4±0.3
Andromeda XI 00:46:20.0 +33:48:05 738 −419.6±4.4 4.6 ±99.9 −2.0±0.31 157+16−37 0.03 −6.3±0.4
Andromeda XII 00:47:27.0 +34:22:29 932 −558.4±3.2 2.6 ±5.1 −2.0±0.31 304 ±66 0.07 −7.1±0.5
Andromeda XIII 00:51:51.0 +33:00:16 843 −185.4±2.4 5.8 ±2.0 −1.9±0.71 207+23−44 0.05 −6.8±0.4
Andromeda XIV 00:51:35.0 +29:41:49 798 −480.6±1.2 5.3 ±1.0 −2.2±0.03 363 ±180 0.31 −8.7 ±0.3
Andromeda XV 01:14:18.7 +38:07:03 629 −323.0±1.4 4.0 ±1.4 −1.8±0.21 222 ±22 0.16 −8.0±0.4
Andromeda XVI 00:59:29.8 +32:22:36 480 −367.3±2.8 3.8 ±2.9 −2.0±0.51 136 ±15 0.08 −7.3±0.4
Andromeda XVII 00:37:07.0 +44:19:20 731 −251.6±1.8 2.9 ±2.2 −1.7±0.31 286 ±23 0.12 −7.7±0.3
Andromeda XVIII 00:02:14.5 +45:05:20 1216 −332.1±2.7 9.7 ±2.3 −1.4±0.31 363 ±32 0.50 −9.2±0.4
Andromeda XIX 00:19:32.1 +35:02:37 823 −111.6±1.6 4.7 ±1.6 −1.9±0.61 1683±105 1.09 −10.1±0.3
Andromeda XX 00:07:30.7 +35:07:56 744 −456.2±3.1 7.1 ±3.9 −2.3±0.81 124+53−17 0.04 −6.4±0.4
Andromeda XXI 23:54:47.7 +42:28:15 830 −362.5±0.9 4.5 ±1.2 −1.8±0.41 875 ±91 0.44 −9.1±0.3
Andromeda XXII 01:27:40.0 +28:05:25 925 −129.8±2.0 2.8 ±1.9 −1.8±0.11 217 ±99 0.05 −6.8±0.4
Andromeda XXIII 01:29:21.8 +38:43:08 774 −237.7±1.2 7.1 ±1.0 −2.3±0.71 1029 ±76 0.88 −9.8±0.2
Andromeda XXIV 01:18:30.0 +46:21:58 604 −128.2±5.2 − −1.8±0.31 367 ±27 0.11 −7.6±0.3
Andromeda XXV 00:30:08.9 +46:51:07 816 −107.8±1.0 3.0 ±1.2 −2.1±0.21 709 ±61 0.51 −9.2±0.3
Andromeda XXVI 00:23:45.6 +47:54:58 765 −261.6±3.0 8.6 ±2.8 −1.8±0.51 222 ±25 0.02 −5.9±0.7
Continued on next page
Name
α δ D vr σv [Fe/H]
rh M∗ MvJ2000 J2000 (kpc ) ( km s−1) ( km s−1) (pc) (x106 M)
Andromeda XXVII 00:37:27.1 +45:23:13 827 −526.1±10.0 27.0 ±2.2 −2.1±0.42 434 ±76 0.15 −7.9±0.5
Andromeda XXVIII 22:32:41.2 +31:12:58 660 −326.2±2.7 6.6 ±2.9 −2.1±0.31 213+64−45 0.26 −8.5±0.6
Andromeda XXIX 23:58:55.6 +30:45:20 733 −194.4±1.5 5.7 ±1.2 −1.8±9.93 361 ±56 0.22 −8.3±0.5
Andromeda XXX 00:36:34.9 +49:38:48 686 −139.8±6.0 11.8 ±7.7 −1.7±0.41 267+23−36 0.19 −8.2±0.3
Andromeda XXXI 22:58:16.3 +41:17:28 760 − − − 912+124−93 4.91 −11.7±0.7
Andromeda XXXII 00:35:59.4 +51:33:35 780 − − − 1456 ±267 8.15 −12.3±0.7
Andromeda XXXIII 03:01:23.6 +40:59:18 779 − − − 400+105−85 1.40 −10.3±0.7
M32 00:42:41.8 +40:51:55 809 −199.0±6.0 92.0 ±5.0 −1.1±0.03 110 ±16 382.99 −16.4±0.2
NGC 147 00:33:12.1 +48:30:32 715 −193.1±0.8 16.0 ±1.0 −1.1±0.11 623 206.62 −15.8±0.1
NGC 185 00:38:58.0 +48:20:15 623 −203.8±1.1 24.0 ±1.0 −1.3±0.11 458 156.74 −15.5±0.1
NGC 205 00:40:22.1 +41:41:07 828 −246.0±1.0 35.0 ±5.0 −0.8±0.23 590 ±31 401.03 −16.5±0.1
Triangulum 01:33:50.9 +30:39:37 809 −179.2±1.7 − − − 3525.18 −18.8±0.1
IC10 00:20:17.3 +59:18:14 798 −348.0 − −1.33 612 102.61 -15.0±0.2
LGS 3 01:03:55.0 +21:53:06 773 −286.5 − −2.13 470±47 1.16 −10.1±0.1
Pegasus dIrr 23:28:36.3 +14:44:35 921 −183.5 − −1.43 562 7.93 −12.2±0.2
Table 1.2: Properties of M31 Satellites. The columns include: Galaxy name; Right Ascension; Declination; Heliocentric distance; Heliocentric velocity;
Velocity dispersion; Metallicity, superscripted by the technique used in its determination i.e. 1 = Calcium Triplet (CaT) line equivalent width measurement;
2 = CMD modelling, 3 = comparison of the RGB with fiducial isochrones; Half-light radius (rh); Stellar Mass (M∗) and Absolute Magnitude. The data were
obtained from the table of Local Group Dwarf Galaxies found at: http://www.astro.uvic.ca/˜alan/Nearby_Dwarf_Database_files/
NearbyGalaxies.dat, McConnachie (2012); McConnachie et al. (2018) and references therein, except for (1) vr and σv for And V, VI, X, XI, XII,
XIV, XVII, XVIII, XIX, XX, XXI, XXII, XXIII, XXIV, XXV, XXVI, XXVIII and XXX, which were obtained from Collins et al. (2013a); (2) D, vr, σv
and [Fe/H] for And XXVII which were obtained from Preston et al. (2019); (3) [Fe/H] for And I, II, III, V, VII, IX, X, XIV, XV and XVIII which were
obtained from Kirby et al. (2013); (4) α and δ for And IV were obtained from van den Bergh (1972), all other data from And IV are from Karachentsev
et al. (2015); (5) α and δ for And VIII were obtained from the SIMBAD astronomical database at http://simbad.u-strasbg.fr/simbad/ and
vr from Morrison et al. (2003), (6) rh and M∗ for And XXX which were obtained from Collins et al. (2013a), (7) rh and M∗ for And XXXI and And XXXII
which were obtained from Martin et al. (2013a) and (8) rh and M∗ for And XXXIII which were obtained from Martin et al. (2013c).
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the stream (Putman et al. 1998). Stars leaving via the outer Lagrange point (on the opposite side of
the satellite to the host) inhabit higher energy orbits with longer periods than the satellite and form
the “trailing” tail of the stream (Hendel & Johnston 2015). It has long been accepted that the stellar
debris within a stream follows the orbital path of its progenitor. So, using Newton’s Law of Universal
Gravitation, we can use data obtained from streams to determine the gravitational potentials, masses
and dark matter distributions of the host galaxies (Ibata et al. 2002, 2004, Chapman et al. 2006, Ko-
posov et al. 2010, Carlberg 2012, Fardal et al. 2013, Lux et al. 2013, Ibata et al. 2014a, Erkal et al.
2016b).
More than 10 stellar streams can be found within the 150 kpc projected radius of M31, most
have been analysed using observational data, some have been extensively modelled and many are
described in the works of Ferguson & Mackey 2016 and McConnachie et al. 2018. In Table 1.3 I
present a summary of properties including systemic velocity, velocity dispersion, metallicity, absolute
magnitude and heliocentric distance for each of the structures I describe in the ensuing sections.
The Giant Stellar Stream
The Giant Stellar Stream (aka the Great Southern Stream, the GSS) was discovered in 2001 from a
survey of the southeastern inner halo of M31 by Ibata et al. Since then it has been the subject of many
observational analyses and simulations including:
• Kinematic and photometric analyses, which led to the discovery of substructures within the
GSS, including a metal-rich “core”, [Fe/H] ∼-0.5, and a metal-poor “envelope”, [Fe/H] ∼-1.3
(Guhathakurta et al. (2006), Kalirai et al. (2006), Ibata et al. (2007), Gilbert et al. (2009b) and
Conn et al. (2016).
• Analysis of the star formation history of the GSS by Brown et al. (2006a,b, 2007), who, using
the Advanced Camera for Surveys on the Hubble Space Telescope, found an age range of
between 4 Gyrs and 10 Gyrs within its stellar populations.
• Models and simulations of the GSS, to determine its possible connections to other features in
the M31 halo (e.g. the North East and West Shelves), the location of its progenitor and to
constrain the mass of M31 itself (Ferguson et al. 2002, Ferguson et al. 2005, Geehan et al.
2006, Font et al. 2006, Fardal et al. 2006, 2007, 2008, 2013, Koch et al. 2008, Kirihara et al.
2017a). Miki et al. (2016) ran N-body simulations wherein they constrained the mass of the
GSS progenitor to lie within the range ∼5 x 108 M - ∼5 x 109 M, a value consistent with
findings of (3.5 ± 0.5) x109 M by Fardal et al. (2006, 2009).
• Determinations of heliocentric distances along the stream were conducted by McConnachie
et al. (2003) and Conn et al. (2016) who found that the stream lay some 100 kpc behind M31
at its furthest extent to the southeast and ∼40 kpc in front to the north west of M31, at which
point it was found to be curving away from the MW (Lewis et al. 2004).
The North West Stream
Discovered by Richardson et al. (2011) who proposed that although the NW Stream comprised two
segments (see K1 and K2 on Figure 1.4) they were parts of a single structure that looped around M31.
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Recent work by Preston et al. (2019) presented evidence that it is unlikely that the NW Stream is a
single structure (see Chapters 2 and 3) and that the dSph galaxy, Andromeda XXVII, could be the
progenitor of the K1 segment of the stream.
The South-West Cloud
Discovered as part of the PAndAS survey, the South West Cloud has an estimated stellar mass of 107
M, indicative of a massive progenitor of ∼ 1.5 x 107 M. Evidence to support this concept lay in
the coincidence of the globular clusters in the system, which as Bate et al. (2014) noted, are found in
none of the other M31 dSphs. Bate et al. found an association between the South West Cloud and
PA-14 while Mackey et al. (2014) found PA-08 could also be associated with the South West Cloud.
However, they found no association between the South West Cloud and the nearby dwarf galaxies
And III and And XIX.
The East Cloud
Analysis on the East Cloud was conducted by McMonigal et al. (2016) who determined its kinematics
and estimated its luminosity to be ∼ 1.4 x 107 L. This high luminosity implied that the East Cloud
progenitor was of comparable brightness to the progenitor of the South West Cloud. McMonigal et al.
also calculated metallicities for the two globular clusters (PA-57 and PA-58) located within it. These
were found to be substantially different (with −2.0 < [Fe/H]PA−57 < −2.4 and −0.6 < [Fe/H]PA−58
< −0.8) leading McMonigal et al. to conclude that the three objects are not associated.
The Western Shelf
Fardal et al. (2012) undertook a spectroscopic analysis that confirmed predictions that the Western
Shelf was likely to be a shell from the third orbital wrap of the progenitor of the GSS. Further
modelling of the GSS and the Western Shelf strengthened the evidence that the two features were
connected and that to produce them both the progenitor must have been massive.
Stellar streams A, B, Cr, Cp and D
First identified by Ibata et al. (2007), these five streams were kinematically and spectroscopically
analysed by Chapman et al. (2008) (see Table 1.3) who found Streams A, B and D have luminosities
of 2.3 x 106 L, 10.0 x 106 L and 9.5 x 106 L respectively. Chapman et al.’s analysis of Stream C
revealed it comprised two distinct stellar populations leading to the conclusion that they were different
structures, a view subsequently reinforced by Gilbert et al. (2009b). Chapman et al. named the two
structures Stream Cr (for the metal-rich component) and Cp (for the metal-poor component) and
found their luminosities to be 12.6 x 106 L and 1.4 x 106 L respectively. They also noted that
the extended globular cluster, EC4, was co-located with Stream C. Comparing the kinematics of the
cluster (vr = −285 km s−1) and metallicity ([Fe/H] = −1.4) with those of Streams Cr and Cp, they
found a plausible association between EC4 and Stream Cp. However, Collins et al. (2009) found it
unlikely that EC4 was Stream Cp’s progenitor. In 2016 Conn et al. estimated heliocentric distances
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along Stream C, returning values consistent with Chapman et al. and metallicities consistent with an
earlier work by Gilbert et al. (2009b).
The G1 Clump
The G1 Clump, located at a projected radius of ∼30 kpc along the south-western major axis of M31,
was discovered by Ferguson et al. (2002). The feature was named for the globular cluster, G1, located
nearby and which was thought to be associated with this small round overdensity. However, Ferguson
& Mackey (2016) subsequently reported that any association between the two features was unlikely.
1.3 Motivation for my research
My initial motivation was to explore the properties of the dSph galaxy Andromeda XXVII (And
XXVII) to determine if it had a cusped or cored halo. Errani et al. (2015) had developed a model that
compared the scale radii and velocity dispersion of tidally disrupting dwarf galaxies and their stellar
streams and allowed the shape of the stream’s progenitor to be constrained. Andromeda XXVII,
co-located on-sky with the K1 section of the NW Stream (hereafter NW-K1), seemed to be a prime
candidate for such research. To this end, data were obtained from seven fields located across the centre
of And XXVII and along NW-K1 (see Chapter 2). As the research progressed, it became apparent
that the sparse data sets were yielding results that could not be used in the Errani et al. model, so
I was not able to determine if And XXVII is cusped or cored. However, my results did enable me
to confirm And XXVII as a plausible candidate for the progenitor of NW-K1. They also led to the
interesting discovery that the two parts of the NW Stream (NW-K1 and the lower segment, hereafter
NW-K2) might not be part of a single structure (Preston et al. 2019).
With this latter discovery based on line of sight velocities only, it was appropriate to follow-up
with additional research into these intriguing features. So the second strand of my research into And
XXVII and the NW Stream evolved into modelling the stream tracks of both NW-K1 and NW-K2 to
see if there were any possible models that linked the two segments together. This work, described in
Chapter 3, is still on-going, though preliminary results appear to be confirming findings from Preston
et al. (2019).
The selection of my final research project was motivated not only by scientific interest in the tidal
streams around M31 but by what I could discover about M31’s accretion history. The aim of this
project was to see if there was a connection, kinematically and/or photometrically, between a stream-
like feature provisionally called the “Eastern Extent” and the GSS. The Eastern Extent runs parallel to
the major axis of M31’s disk and to stellar streams C and D, with all three features lying perpendicular
to the GSS. Neither stream C or D are considered to be connected to the GSS (Ibata et al. 2007) but
the Eastern Extent appears to have similar photometric properties to the GSS and could, potentially,
be associated. Findings from this research could shed additional light on the current theories related
to the formation history of M31.
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Name
vr,stream σstream <[Fe/H]> Mv
D
( km s−1) ( km s−1) kpc
Giant Stellar Stream −300 ≤ vr≤ −524(i) 11 ≤ σ≤ 33(i) −1.3 to −0.4(a) −14(a) 739 ≤ D ≤ 886(d)
North West Stream - K1 −519.4 ±4(e) 10 ± 4(e) −1.4 ± 0.1(e) −10.5(d) −
North West Stream - K2 − − −12.3(d)
South West Cloud ∼ −360 to −430(f) − −1.3 ± 0.1(f) −12.1(f) 793± 45(f)
East Cloud − − −1.2 ± 0.1(g) −10.7(d) −814+20−9 (g)
Western Shelf − − −3.0 to 0.0 (h) − −
Stream A ∼−172(c) ∼12.5(c) −1.3 ±0.3(c) −11.1(d) −
Stream B ∼−330(c) ∼ 6.9(c) −0.8 ±0.2(c) − −
Stream Cr ∼−349(c) 5.1 ± 2.5(c) −0.7 ± 0.2(c)
-13.0(d) 828+9−30
(c)
Stream Cp ∼−287(c) 4.3+1.7−1.4(c) −1.3 ± 0.2(c)
Stream D −390.5(c) 4.2(c) −1.1 ± 0.3(c) −12.6(d) 789+2618 (c)
GI Clump − − −0.4(b) ∼−12.6(b) −
Table 1.3: Properties of M31’s Stellar Streams. The data presented include: Name, radial velocity, vr,stream, velocity dispersion, σstream, mean metallicity,
<[Fe/H]>, absolute magnitude, Mv, and heliocentric distance, D. Data sources are indicated by superscripts near each element and relate to: (a) Ibata
et al. (2007), (b) Ferguson & Mackey (2016); Ferguson et al. (2002) (c) Chapman et al. (2008), (d) McConnachie et al. (2003, 2018), (e) Preston et al.
(2019), (f) Bate et al. (2014), (g) McMonigal et al. (2016), (h) Fardal et al. (2012) and (i) Gilbert et al. (2009b).
Chapter 2
A PAndAS Cub in a Stream - And XXVII and
the North West Stream
In this chapter, I present a kinematic and spectroscopic analysis of 38 red giant branch stars, in 7
fields, spanning the dwarf spheroidal galaxy And XXVII and the NW-K1 stream. Both features are
located in the outer halo of M31 at a projected radius of 50-80 kpc, with the stream extending for∼3◦
on the sky. Using data that were obtained as part of the PAndAS survey, my analyses confirm that
And XXVII’s heliocentric distance is 827 ± 47 kpc and spectroscopic metallicity is −2.1+0.4−0.5. I also
re-derived And XXVII’s kinematic properties, measuring a systemic velocity of −526.1+10.0−11.0 km s−1
and a velocity dispersion that I found to be non-Gaussian but for which I derived a formal value of
27.0+2.2−3.9 km s
−1. For NW-K1, I measured mean values for the metallicity of −1.8±0.4, systemic
velocity of −519.4 ±4.0 km s−1 and velocity dispersion of 10.0±4.0 km s−1. I also detect a velocity
gradient of 1.7±0.3 km s−1 kpc−1 on an infall trajectory towards M31. With a similar gradient, acting
in the same direction along NW-K2, I suggest that the NW Stream is not a single structure. As the
properties of NW-K1 and Andromeda XXVII are consistent within 90% confidence limits, it is likely
that the two are related and plausible that And XXVII is the progenitor of this stream.
2.1 Introduction
The spectacular stellar streams snaking around the MW and M31 are the paleontological remnants
of mergers on a galactic scale. In the past decade, wide and deep photometric surveys, such as the
Dark Energy Survey (DES, Abbott et al. 2005, Shipp et al. 2018), the Pan-Andromeda Archaeological
Survey (PAndAS, McConnachie et al. 2009), the Sloan Digital Sky Survey (SDSS, Ahn et al. 2014),
the Pan-STARRS1 3pi Survey (PS1, Bernard et al. 2016) and the ESA/Gaia survey (The Gaia Col-
laboration. 2016) have discovered more than 60 streams around the MW (Grillmair & Carlin 2016,
Shipp et al. 2018, Malhan & Ibata 2019 and Ibata et al. 2019) and more than 10 streams around M31
(Martin et al. 2014a, Ibata et al. 2014a, Ferguson & Mackey 2016, McConnachie et al. 2018).
These streams comprise debris from the tidal disruption of smaller stellar structures, such as dwarf
galaxies and globular clusters, as they orbit around their host galaxies. They provide visible evidence
that large galaxies grow by assimilating smaller ones. Using data from stellar streams models can
be created to show how small galaxies are accreted by larger ones, the timescales over which this
happens and to test the ΛCDM paradigm of hierarchical galaxy formation (Press & Schechter 1974,
Springel et al. 2006, Frenck & White 2012). It is also widely accepted that the stellar debris within
a stream follows the orbital path of its progenitor. So, using Newton’s Law of Universal Gravitation,
it is possible to constrain the gravitational potentials, masses and dark matter distributions of the host
galaxies (Ibata et al. 2002, 2004, Chapman et al. 2006, Koposov et al. 2010, Carlberg 2012, Fardal
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et al. 2013, Lux et al. 2013, Ibata et al. 2014a, Erkal et al. 2016b).
In the MW, several streams are presumed to have dwarf galaxy progenitors, for example: the
Sagittarius (Ibata et al. 1994, Johnston et al. 1995, Mateo 1998, Grillmair & Carlin 2016), Orphan
(Grillmair 2006, Belokurov et al. 2007, Erkal et al. 2019, Koposov et al. 2019), Cetus Polar (Newberg
et al. 2009), PAndAS MW (Martin et al. 2014a) and Styx (Grillmair 2009, Carlin & Sand 2018)
streams.
In M31, stream fields are found near NGC147 (Richardson et al. 2011, Lewis et al. 2013) and
NGC205 (McConnachie et al. 2004c, Ferguson & Mackey 2016). In the inner halo, the GSS (Ibata
et al. 2001, McConnachie et al. 2003, Ibata et al. 2004, Guhathakurta et al. 2006, Gilbert et al. 2009b),
the North-Eastern Shelf, labelled the NE Structure in Figure 1.3 (Zucker et al. 2004, Lewis et al.
2004), and the Western Shelf (Ferguson et al. 2002, 2005, 2007 and Fardal et al. 2012) are thought
to be the tidal debris, from multiple pericentric passages of the M31 centre, of a progenitor with
an estimated stellar mass ∼109M. In the outer halo, questions still surround the progenitor of the
luminous South West Cloud (Bate et al. 2014, Ferguson & Mackey 2016) while the progenitor of
the NW Stream is thought to be And XXVII, Richardson et al. (2011), McConnachie (2012), Collins
et al. (2013a), Martin et al. (2016).
The NW Stream comprises two segments. The lower segment, NW-K2 (labelled K2 in Figure
1.3) was discovered by McConnachie et al. (2009) using PAndAS data obtained from the 3.6 m
Canada-France-Hawaii Telescope (CFHT). They found it to be ∼6◦ (∼ 80 kpc) long in projection at
a projected radius of ∼50-120 kpc from the centre of M31. The upper segment, NW-K1 (labelled K1
in Figure 1.3) was discovered two years later by Richardson et al. (2011). They reported this segment
to be almost ∼3◦ long at a projected radius ∼50-80 kpc from the centre of M31. Despite the two
segments being quite separate, as can be seen in Figure 1.3, based on their morphology Richardson
et al. considered them to be part of a single stellar structure entwined around M31. This view was
supported by Ibata et al. (2014a), who detected similar metallicities in both segments of the stream,
and by Carlberg et al. (2011). Their work indicated that the stars in the NW stream are ∼10 Gyrs old,
that the stream is∼5 kpc wide and that it extends for a projected distance of∼200 kpc, making it one
of the longest in the Local Group (c.f. the MW’s Sagittarius Stream, which is detected at heliocentric
distances of 37 kpc ≤ D ≤ 117 kpc, implying an estimated length∼80 kpc (Belokurov et al. 2014),
and the GSS, to the southeast of M31, with an estimated length of ∼ 100 kpc (Gilbert et al. 2009b)).
Carlberg et al. (2011) reported that NW-K2 is almost complete while NW-K1 contains a number of
clearly visible gaps that could have been induced by dark matter sub-halos. Recent modelling of
NW-K2 by Kirihara et al. (2017b) indicated that a progenitor would need to have a stellar mass of
between106 M and 108 M and a minimum rh ≥ 30 pc and that the dSph And XXVII could be the
progenitor of the full stream.
And XXVII was discovered, contemporaneously with NW-K1, by Richardson et al. (2011). Kine-
matic analysis by Collins et al. (2013a) (see Table 2.1) led these authors to agree with Richardson
et al. that And XXVII is not in dynamical equilibrium and is no longer a bound system, a view also
supported by Martin et al. (2016) and Cusano et al. (2017).
To provide more insight into this complex and intriguing dSph galaxy and, potentially, its tidal
stream, I present in this chapter a study of the stellar populations of And XXVII and NW-K1 to
determine if the two are associated. Using dynamical data for stars in these features I determine their
systemic velocities, velocity dispersions and metallicities. I also show that And XXVII could be the
progenitor of NW-K1 and that NW-K1 may be a separate feature from NW-K2.
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Right Ascension(J2000)(a) 00h:37m:27s.1 ± 0s.5
Declination(J2000)(a) +45o: 23m 13s.0 ± 10s
Distance from M31(a) 86 ± 48 kpc
Mv (a) −7.9 ± 0.5
rh(a) 455 ± 80 pc
Fe/H(b) −2.1± 0.5
Mrh
(b) 8.3+2.8−3.9 x 10
7 M
M/L(r< rh) (b) 1391+1039−1128 M/ L
Systemic velocity vr(b) −539.6+4.7−4.5 km s−1
Velocity dispersion σv (b) 14.8+4.3−3.1 km s
−1
Table 2.1: Properties of And XXVII as determined by (a) Richardson et al. (2011) and (b) Collins et al. (2013a)
The chapter is structured as follows: Section 2.2 describes the observations and data reduction
process, Section 2.3 describes my data analysis approach and I present my conclusions in Section 2.4.
2.2 Observations
2.2.1 Photometry - CFHT
Data for the initial observations were obtained as part of the PAndAS survey. PAndAS used the 3.6 m
CFHT with the MegaPrime/MegaCam camera, comprising 36, 2048 x 4612, CCDs with a pixel scale
of 0.185′′/pixel, delivering an almost 1 degree2 field of view (McConnachie et al. 2009). To enable
good colour discrimination of Red Giant Branch (RGB) stars, g-band (4140A˚- 5600A˚) and i-band
(7020A˚-8530A˚) filters were used. Good seeing of < 0′′.8 enabled individual stars to be resolved to
depths of g = 26.5 and i = 25.5 with a signal to noise ratio of ∼10 (McConnachie et al. 2009, Collins
et al. 2013a, Martin et al. 2014b).
The data were reduced using pipelines that included initial processing by the Elixir system (Mag-
nier & Cuillandre 2004), at CFHT, which, in addition to ascertaining the photometric zero points,
also de-biased, flat-fielded and fringe-corrected it. The data were then transferred to the Cambridge
Astronomical Survey Unit to be further reduced using the bespoke pipeline described by Irwin &
Lewis (2001). Following this, the data were classified morphologically as, e.g., point source, non-
point source and noise-like, then stored with band-merged g and i data (see Richardson et al. 2011).
For this work I selected point source objects.
2.2.2 Spectroscopic Observation - Keck DEIMOS
Figure 2.1 shows a density plot of the North West quadrant of the M31 halo. The left hand panel
includes dotted white lines to indicate the possible track of the NW Stream assuming it to be a single
feature. The right hand panel shows the same information overlaid with the on-sky positions of some
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Figure 2.1: On-sky positions of And XXVII, NW-K1 and observed fields. The data are obtained from the
PAndAS catalogue for stars with 20.5 ≤ i0 ≤ 24.5 and −2.0 ≤ [Fe/H] ≤ −0.5 and plotted in tangent plane
standard coordinates centred on M31. The solid blue line represents the M31 halo (taking a semi-major axis of
55 kpc with a flattening of 0.6, Ferguson & Mackey 2016). Both panels include dotted, white, lines outlining the
inner and outer edges of an ellipse tracing the possible track of the NW Stream, assuming it to be a single feature
(following the approach by Carlberg et al. 2011). The right-hand panel shows the same data overlaid with the
on-sky positions of the observing fields, which are represented by: square = A27sf1; circle = 603HaS; diamond
= 7And 27 (inset with a smaller, purple, diamond indicating the centre of And XXVII); inverted triangle =
A27sf2; black triangle = A27sf4; left-pointing triangle = 604HaS and right-pointing triangle = A27sf3. The
icons are coloured coded by the systemic velocities derived later in this work, except for A27sf4, for which
no And XXVII/NW-K1 candidates were found and so is coloured black. The Figure also indicates the relative
positions of two other M31 satellites, And XXV and And XXVI (Richardson et al. 2011) and globular clusters,
PAndAS-09 (P09) - PAndAS-15 (P15) in NW-K2 (Veljanoski et al. 2014).
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Field name Date αJ2000 δJ2000
DA27 No. of candidate stars within...
kpc And XXVII M31 MW
A27sf1 2015-09-12 00:39:39.96 +45:08:47.73 6.6 8 5 57
603HaS 2010-09-09 00:38:58.52 +45:17:32.20 4.1 8 4 53
7And27 2011-09-26 00:37:29.40 +45:24:12.50 0.3 11 4 54
A27sf2 2015-09-12 00:36:13.17 +45:32:31.68 3.8 2 8 49
A27sf4 2015-09-12 00:33:28.25 +45:49:24.87 11.7 0 4 63
604HaS 2010-09-09 00:32:05.16 +46:08:31.20 17.4 1 3 68
A27sf3 2015-09-12 00:30:25.60 +46:14:52.66 21.6 4 1 76
Table 2.2: Properties of And XXVII and NW-K1 observed fields, including: Field name; Date observations
were made; Right Ascension and Declination of the centre of each field; Projected distance of the centre of the
field from And XXVII (DA27) and the Number of stars likely to belong to each of the stellar populations (i.e.
And XXVII, M31 and the MW) based on probability of membership. The α and δ for the centre of each field
are determined by taking the mean of the coordinates for all stars on the field. The fields are listed in order of
increasing distance from M31.
of the globular clusters co-located on-sky with NW-K2 and the positions of the seven fields from
which the observational data were obtained (see Appendix B) for NW-K1. The seven fields span a
distance of ∼120 arcmins (∼30 kpc) along NW-K1 and also cross the centre of And XXVII. Three
of the fields were observed in 2010 and 2011 (603HaS, 604HaS and 7And27) and may have been
analysed by Collins et al. (2013a) and Martin et al. (2016), though they are not explicitly named in
either work. The remaining four fields, A27sf1, A27sf2, A27sf3 and A27sf4, were obtained using the
DEep-Imaging Multi-Object Spectrograph (DEIMOS) on the Keck II Telescope on the dates shown
in Table 2.2. The observations used the OG550 filter with the 1200 lines/mm grating with a resolution
of ∼1.1A˚-1.6A˚ at FWHM. Each field was observed for 1 hour, split into 3 x 20 minute integrations.
Observations focused on the Calcium Triplet (CaT) region located between wavelengths 8400A˚ and
8700A˚.
The targets were prioritised by selecting stars based on their location within the colour magnitude
diagram (CMD). The highest priority targets were bright stars which lie directly on the And XXVII
RGB with 20.3 < i0 < 22.5. The next priority was fainter stars on the RGB, i.e. 22.5 < i0 < 23.5.
The remainder of the field was then filled with stars with 20.5 < i0 < 23.5 and 0.0 < g-i < 4.0 (see
Figure 2.2, which indicates the position of the And XXVII/NW-K1 RGB).
The data were reduced using a specifically constructed pipeline, described in Ibata et al. (2011),
that corrected it for: scattered light, flat-fields, the slit function and illumination within the telescope
and calibrated the wavelength of each pixel. The final phase of the pipeline determined the velocities
and associated uncertainties for the stars by: (1) creating model spectra comprising a continuum and
the absorption profiles of the CaT lines (at 8498A˚, 8542A˚ and 8662A˚); (2) cross-correlating these
models with non-resampled stellar spectra using a Markov Chain Monte Carlo (MCMC) approach to
obtain the optimum Doppler shift and CaT line widths; and (3) correcting the velocities and associated
uncertainties, obtained from the posteriors of the above analysis, to the heliocentric frame.
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2.3 Analysis of And XXVII and NW-K1
To enable me to determine if And XXVII and NW-K1 are associated I identified and confirmed
members of their stellar populations, determined the systemic velocities and velocity dispersions of
these populations and obtained their metallicities. I then compared these properties to see if they were
consistent with the two features belonging to a single system.
2.3.1 Stellar Populations
To avoid any obvious failures of the pipeline and to remove velocities with high uncertainties, I
selected stars that had velocities in the range −650 km s−1 to 50 km s−1 with velocity uncertainties
< 20 km s−1. Applying these criteria I found no And XXVII/NW-K1 candidate stars on field A27sf4,
which left a potential gap in the stream. Since this location was targeted on the same basis as the other
fields, I conclude that the stream, at this point, must have a lower density than the surrounding areas,
as can be seen in Figure 2.1. This is consistent with Carlberg et al. (2011) who found significant
density variations along the NW-K1 stream.
Velocity histograms for the remaining fields are depicted in Figure 2.3 and show three kinemat-
ically distinct stellar populations i.e.: stars likely to be members of the MW (vr = ∼−80 km s−1,
Collins et al. 2013a), stars likely to be members of the M31 halo (systemic velocity ∼−300 km s−1,
Ibata et al. 2005b) and stars consistent with previously published values for the systemic velocity of
And XXVII, vr, = −539.6+4.7−4.5 km s−1 (Collins et al. 2013a).
To confirm if the stars in this latter category were members of the And XXVII/NW-K1 population
I looked at their proximity to a fiducial isochrone. Richardson et al. (2011) found the age of And
XXVII to be 12 Gyr and its metallicity [Fe/H]∼−1.7, so I selected an isochrone with these properties
and [α/Fe] = 0.0 from the Dartmouth Stellar Evolution database (Dotter et al. 2008). I corrected for
extinction and the heliocentric distance of And XXVII (827 kpc) and overlaid it on the And XXVII
RGB, as can be seen in Figure 2.2. I use the isochrone solely as a fiducial ridge-line for the And
XXVII RGB. It is not used to derive or affect any properties reported in this thesis, other than a given
star’s proximity to the RGB. Potential members of And XXVII and NW-K1 should fall along this
isochrone, with stars lying close to it more likely to be members than those further away. Following
the technique described by Tollerud et al. (2012), I assigned a probability of membership to each star
based on its proximity to the isochrone using:
Piso = exp
(−∆(g − i)2
2σc
− ∆(i)
2
2σm
)
(2.3.1)
where ∆(g− i) and ∆(i) are distances from the isochrone and σc (which takes into account the range
of colours of the stars on the CMD) and σm (which factors in distance and photometric errors) are
free parameters. I adopted Tollerud et al.’s values of σc = 0.1 and σm = 0.5 as the starting point and
adjusted them until values were obtained where stars that lay far from the And XXVII RGB had a low
probability of association with the isochrone. I found the optimum values to be: σc = 0.15 and σm =
0.45.
As can be seen in the top left hand panel of Figure 2.2 (field A27sf1), one of the candidate stars
(represented by circular icons) lies well to the left of the isochrone, and in the panel second from the
bottom left hand panel (field 604HaS) another candidate star lies well to the right of it. Given this
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Figure 2.2: CMD for And XXVII/NW-K1 fields with an isochrone with an age of 12 Gyr, a metallicity of−1.7
and an α-enrichment of 0.0, corrected for extinction and an heliocentric distance of 827 kpc. The small black
dots show stars from the PAndAS catalogue that lie within 5 arcmins of the centre of the respective fields. The
dashed line in the plot for 7And27 shows the position of the same isochrone distance corrected to 1255 kpc (a
previously reported heliocentric distance for And XXVII). Round icons represent candidate And XXVII/NW-
K1 stars, square icons represent candidate MW and M31 halo stars based on stellar velocities. The icons are
colour coded by probability of membership of And XXVII and NW-K1 based on proximity to the isochrone.
The bottom left panel shows the combined results for all fields.
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Figure 2.3: Kinematic analysis of And XXVII and NW-K1 showing velocity histograms overlaid with the
membership probability distribution function for each of the three stellar populations - coloured blue for And
XXVII/NW-K1, red for M31 and green for the MW.
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lack of proximity to the isochrone, I reject both these stars from the candidate And XXVII/NW-K1
population.
To further refine my selection of candidate And XXVII/NW-K1 stars, I returned to their velocities.
To determine which stellar population a given star of velocity, vi and a velocity uncertainty of verr,i is
most likely to belong to, I defined a single Gaussian function for each of them of the form:
Pstruc =
1√
2pi(σ2v,struc + v
2
err,i + σ
2
sys)
× exp
[
− 1
2
(
vr,struc − vr,i√
σ2v,struc + v
2
err,i + σ
2
sys)
)2]
(2.3.2)
where: P struc is the resulting probability distribution function (pdf); vstruc km s−1 is the systemic
velocity; σv,struc km s−1 is the velocity dispersion and σsys is a systematic uncertainty component of
2.2 km s−1, determined by Simon & Geha (2007), Kalirai et al. (2010) and Tollerud et al. (2012)1,
and contemporary with the observations. The likelihood function for membership of And XXVII,
based on velocity, is then defined as:
log[L(vr, σr)] =
N∑
i=1
log(ηM31Pi,M31 + ηMWPi,MW + ηA27Pi,A27) (2.3.3)
where ηM31, ηMW and ηA27 are the fraction of stars within each stellar population, vr includes vrA27,
vrM31 and vrMW and σr includes σrA27, σrM31 and σrMW.
I incorporated the above equations, tailored for each stellar population (i.e. MW, M31, And
XXVII/NW-K1) into an MCMC analysis, using the EMCEE software algorithm (Goodman & Weare
2010, Foreman-Mackey et al. 2013). I set the initial values of the systemic velocity to previously
published values, with the initial values for the velocity dispersion for And XXVII and the MW based
on the spread of velocities in respective stellar populations. For M31 I calculated the initial value
for the velocity dispersion in accordance with the the distance, R, of the centre of the field from the
centre of M31 (see Chapman et al. 2006 and Mackey et al. 2013) given by:
σv(R) =
(
152− 0.9 R
1 kpc
)
km s−1 kpc−1 (2.3.4)
I based the initial values of the fraction parameters ηM31, ηMW and ηA27 on the distribution of stars
plotted on velocity histograms for each field (see Figure 2.3) and set broad priors for each stellar
populations on the fields i.e. :
• systemic velocities: −580 ≤ vA27 / km s−1 ≤ −450, −400 ≤ vM31 / km s−1 ≤ −200 and −150
≤ vMW / km s−1 ≤ −10.
• velocity dispersions: 0 ≤ σvA27 / km s−1 ≤ 30, 0 ≤ σvM31 / km s−1 ≤ 100 (except for fields
A27sf1 and 603HaS, where the prior is defined as 0 ≤ σvM31 / km s−1 ≤ 200) ; and 0 ≤ σvMW
/ km s−1 ≤ 150.
1In calculating the uncertainties for the radial velocity measurements and telluric corrections of stars in their datasets,
these authors find that an additional term, σsys, is required to obtain an accurate Gaussian distribution for their data.
Repeated measurements of independent observations determine this to be 2.2 km s−1 to take into account systematics not
included in their Monte Carlo analyses.
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• fraction parameters: 0 ≤ η ≤ 1 with ηA27 + ηM31 + ηMW = 1.
As part of my analysis, I tested the use of broader priors for σvA27 before adopting those reported
above. At values > 30 km s−1 I found the resulting pdfs to be a poor fit for the sparse data and
inclusive of M31 halo stars. I also noted an increase in the acceptance fraction which implied a
reduction in the quality of the results. So I adopted the range specified, with the upper limit of
30 km s−1 being more than twice the expected velocity dispersion for a dwarf galaxy.
I set the Bayesian analysis to run for 100 walkers taking 100,000 steps, a burn-in of 1,000 and a
scale parameter set to the default value of 2. I used the EMCEE algorithm to fit Gaussians and derive
posterior distributions for the systemic velocity, velocity dispersion and the fraction parameters for
the stellar populations.
I found that, for all fields, the MW population could be approximated by a single Gaussian of
the above form (Equation 2.3.2) as could the stellar populations for And XXVII and NW-K1. With
respect to M31, I found that for fields 7And27, A27sf1, A27sf3 and 604Has there were too few stars
to constrain the M31 halo adequately, so I fixed the systemic velocity of M31 (at −300 km s−1), the
velocity dispersion (obtained using Equation 2.3.4) and the ηM31 parameter. For fields 603HaS and
A27sf2 I allowed the EMCEE algorithm to fit all the data. The M31 halo was then constrained, or
fixed, by a single Gaussian, again of the form shown in Equation 2.3.2.
I checked the acceptance fraction of my model to ensure that there was an appropriate number of
independent samples to represent the data. I found, for all fields, an acceptance fraction ∼0.3, which
is in the range (0.2 − 0.5) recommended by Hogg & Foreman-Mackey (2018).
I also checked that the MCMC chains were converged using the Integrated Autocorrelation Factor,
obtained via the ”acor” function in EMCEE. For each field, I determined the precision, p, of the
values obtained for each parameter being estimated using: p =
√
τ/N , where τ is the autocorrelation
time and N is the number of samples. I compared the values obtained (∼0.003 for each field) with
the uncertainties calculated by EMCEE for each parameter. I found the precision to be significantly
smaller than the uncertainties which is consistent with the chains being converged. Figure 2.4 shows
an example of the visualisation of the distribution and covariance of the parameters used to determine
the systemic velocities of the stellar populations. The sub-plots show the density distribution of the
variables sampled in the MCMC analysis, with the histograms to the side of them indicating the mean
value and corresponding 1-σ variation for each parameter. These plots provide visual confirmation
that the chains have converged.
Having fitted a Gaussian velocity profile for each of the three stellar populations, I derived the
probabilities for each star on the fields belonging to a given population using:
Pvel =
PA27
PM31 + PMW + PA27
(2.3.5)
with the probability of being a contaminant given by:
Pcontam =
PM31 + PMW
PM31 + PMW + PA27
(2.3.6)
Figure 2.3 shows the velocity distribution histograms overlaid with the pdfs. In each I see a
distinct cold peak located in the velocity range of−650≤ v / km s−1 ≤−400. Based on these results,
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Figure 2.4: 2-d marginalised probability distribution functions for field A27sf1 for systemic velocities (vel),
velocity distributions (σ) and percentage of stars in the stellar population (η) for And XXVII. The dashed lines
indicate the median values for each parameter and their 1-σ uncertainties. This corner plot is created using code
developed by Foreman-Mackey et al. (2016).
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I reject one further star, number 16 on field A27sf1, which has a low probability of association with
And XXVII.
I assessed the total probability of stars being members of And XXVII/NW-K1 by combining their
probabilities of membership from the CMD and velocity analyses as follows:
PA27 = Pvel × Piso (2.3.7)
I identify stars with PA27 > 0.6 as members of the stellar populations for And XXVII and NW-K1.
Field 7And27
On review of my kinematic analysis of field 7And27, located across the centre of And XXVII, I noted
that the single Gaussian was a poor fit for the data (see Figure 2.3). It did not adequately describe the
clear cold peak and surrounding hotter components, which could be And XXVII or M31 halo stars.
Figure 2.5, shows the systemic velocities of the observed fields as a function of distance from field
A27sf1. It also shows that the velocity dispersion obtained from the single Gaussian fit (datapoint
7And27a) is not consistent with values obtained for the other fields.
I decided to fit two Gaussians to determine whether I could more accurately represent the data
and address the above points. I set broad boundary priors for the hot components and tightly re-
stricted priors to isolate the cold peak. Both Gaussians were given the same initial systemic velocity
(-536.0 km s−1) but different velocity dispersions of 5 km s−1 for the cold and 10 km s−1 for the
broad peak. Figure 2.6 shows the results of this approach. I find the cold peak well constrained with
vr = −536.5+3.3−2.3 km s−1 and a velocity dispersion, σv = 5.6 +6.1−4.0, which is more consistent with the
neighbouring fields along the stream (Figure 2.5, datapoint 7And27b).
I noted that neither model provided a really good fit for the data so I explored their relative quality
using the extended Akaike information criterion, AICc (for use with small datasets) and the Bayesian
information criterion, BIC, Akaike (1970), Burnham & Anderson (2004). I calculated the values for
these estimators using:
AICc = −2log(L) + 2K + 2K(K + 1)
n−K − 1 (2.3.8)
and:
BIC = −2ln(L) +K (2.3.9)
where: L is the maximum value of the likelihood function for a given model, K is the number of
parameters to be estimated and n is the number of data points in the analysis (in my case, the number
of stars on the field). Neither of these two estimators give any measure of the absolute quality or
otherwise of any given model. Rather they provide insight into the quality of a given model relative
to others. Both estimators encourage simplicity and will naturally favour the model with the fewest
parameters to be fitted, so a model with a lower AICc or BIC value is deemed to be the “better”
model. I find that the AICc and the BIC values for both models are of the same order of magnitude,
with the single Gaussian model having a marginally (∼ 3%) lower score for both. I, therefore, adopt
the values from the single Gaussian model for v = −526.1 +10.0−11.0 km s−1 and σv = 27.0+2.2−3.9 km s−1 as
the kinematic properties of And XXVII.
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Figure 2.5: Velocity dispersions for all fields with respect to the centre of field A27sf1 (which lies closest
to M31). The values for the velocities and the error bars were obtained from the EMCEE algorithm, the field
locations were obtained using the mean value of all the coordinates for the stars on each respective field. The
datapoint labelled 7And27a represents the velocity dispersion obtained by fitting a single Gaussian to the data
(see Figure 2.3), while 7And27b is obtained by isolating the cold peak (see Figure 2.6).
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Figure 2.6: Isolating the cold peak on field 7And27. Velocity histogram overlaid with the membership pdf for
each of the three stellar populations, shown in magenta for And XXVII (and equivalent to that shown in Figure
2.3 for this field), red for M31 and green for the MW. The blue line indicates the pdf for the And XXVII cold
peak.
36
2.3. ANALYSIS OF AND XXVII AND NW-K1
When I compare this to previous works I see that the systemic velocity is ∼13 km s−1 lower and
σv ∼13 km s−1 higher than those reported by Collins et al. (2013a). This is likely due to my analysis
taking fields 603HaS and 7And27 separately rather than combining their data. Previously thought to
lie at the centre of And XXVII, these two fields are ∼4 kpc apart on the sky, which is a much larger
distance than the rh for And XXVII (455 pc). As the α and δ for the centre of field 7And27 are very
close to those for the centre of And XXVII I assign stars in this field to the stellar population for the
dSph and assign stars from field 603HaS to the stellar population for NW-K1.
The new σv (27.0+2.2−3.9 km s
−1) for And XXVII is also larger than many other dwarf galaxies in
the Local Group, with only Canis Major, σv = 20.0±3.0 km s−1, the Large Magellanic Cloud, σv
= 20.2±0.5 km s−1, NGC185, σv = 24.0±1.0 km s−1, the Small Magellanic Cloud, σv = 27.6±0.5
km s−1, NGC205, σv = 35.0±5.0 km s−1 and M32, σv = 92.0±5.0 km s−1, having similar or larger
values (McConnachie 2012). Given that And XXVII has a small rh, I take this large σv as a possible
indicator that And XXVII is being tidally disrupted.
While constraining the cold peak I noticed four stars (with velocities ∼−500 km s−1, see Figure
2.3) that were separate from the main peak and could be affecting the fit of a single Gaussian, causing
the large velocity dispersion. Likely to have been categorised as And XXVII candidates stars due to
the sample size and breadth of the priors used for fitting the data, I considered the possibility that
these stars could be a substructure within And XXVII. Other possible explanations are:
• They are M31 halo stars. With the velocity dispersion, at the distance of this field,∼99.7 km s−1,
these stars are only 2σ away from the mean of the M31 halo systemic velocity. However, I see
that these stars have a greater than 90% probability of association with And XXVII, so it is
unlikely that they are halo stars.
• While these stars may appear to be close to the centre of And XXVII, the imaging data provide
only a projected position and they may, in fact, be further away than they seem.
• These stars have been stripped and are no longer in equilibrium with And XXVII.
There is no way to know which of the above is correct. Had the spectra been good enough I
might have been able to use [α/Fe] to see if the stars were more consistent with And XXVII or M31.
However, as they have high probabilities of association with And XXVII, there would seem to be
some credence to the possibility that they are stripped stars.
I summarise the results of my kinematic analysis in Table 2.3.
Velocity Gradients
Assuming that And XXVII is being tidally disrupted by M31 I look for evidence to support this
hypothesis. In the first instance I explored the possibility of a tangential velocity gradient across the
centre of And XXVII. Aden et al. (2009) noted that dSphs with such gradients were either undergoing
tidal interactions or had an intrinsic rotation. Martin & Jin (2010) measured a velocity gradient along
the major axis of the Hercules dSph and concluded this was indicative of it being pulled apart and
transforming into a tidal stream following a close pass of the MW centre.
Using techniques described by Martin & Jin (2010) and Collins et al. (2017), I amended Equation
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Field vr σv
km s−1 km s−1
And XXVII
7And27(a) −526.1 +10.0−11.0 27.0 +2.2−3.9
7And27(b) −536.5 +3.3−2.3 5.6 +6.1−4.0
NW-K1
A27sf1 −542.3 +7.1−7.4 16.2 +6.9−5.9
603HaS −530.2 +2.9−3.1 5.1 +4.6−3.3
A27sf2 −518.4 +12.5−12.5 11.7 +11.4−8.3
604HaS −507.4 +10.7−10.8 10.9 +11.5−7.8
A27sf3 −498.6 +5.3−5.3 6.2 +8.6−4.4
Mean −519.4 ± 4.0 10.0 ± 4.0
Table 2.3: Results of the kinematic analysis of And XXVII and NW-K1. For field 7And27, values are shown
for (a) the single Gaussian fit to the And XXVII candidate stars and (b) the cold peak. Values obtained from
the posteriors of the EMCEE algorithm, with uncertainties reported at 68% confidence limits.
2.3.2 to include a velocity gradient ( dv
dχ
) as shown in 2.3.10.
Pstruc =
1√
2pi(σ2v,struc + σ
2
sys)
× exp
[
− 1
2
(
∆vr,i√
σ2v,struc + σ
2
sys)
)2]
(2.3.10)
where ∆vr,i ( km s−1) is the velocity difference between the ith star and a velocity gradient, dvdχ ( km
s−1arcmins−1), acting along the angular distance of the star along an axis, yi (arcmins), with a position
angle, θ (radians, measured from North to East) and is given by:
∆vr,i = vr,i − dv
dχ
yi + 〈vr〉 (2.3.11)
I determined yi using the right ascension and declination of the ith star (αi, δi) and the centre of
And XXVII (α0, δ0) using:
yi = Xisin(θ) + Yicos(θ) (2.3.12)
where:
Xi = (αi − α0)cos(δ0) and Yi = δi − δ0 (2.3.13)
I defined flat priors for these new terms, i.e. −150 ≤ dv
dχ
( km s−1arcmins−1) ≤150 and 0 ≤ θ
(radians) ≤ pi and used the priors from the single Gaussian analysis for the other parameters (v, σv
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and η, see Section 2.3.1) before running the EMCEE algorithm on the confirmed stellar populations on
fields 7And27, 603HaS, A27sf1 and A27sf3 as they cover the length of the stream and each includes
sufficient And XXVII/NW-K1 stars to deliver meaningful results.
My findings show marginal tangential gradients in all four fields but none are significant or have
any effect on the systemic velocities and dispersions recorded in Table 2.3. This could, again, be due
to the sample size of each field or could indicate that the stars are moving at high velocities along
a straight line path and are the debris of a completely unbound system. If this latter is the case,
this could also explain the different velocity dispersions obtained from my analysis of field 7And27.
Simulations by Klimentowski et al. (2007) find that data taken from particular lines of sight can be
contaminated by unbound stars in tidal tails.
Next I look to see if there is a velocity gradient across And XXVII and NW-K1. In Figure 2.7 I
present the systemic velocity as a function of the distance of each field from the centre of M31. Based
on line of sight data, this plot shows a distinctive velocity gradient (-1.7±0.3 km s−1 kpc−1) that
becomes increasingly negative in the direction of M31 - indicative of an infall trajectory. The small
scatter of the field velocities around the best fit line implies that the stars belong to a dynamically cold
system.
I compared these findings with those of Mackey et al. (2010) and Veljanoski et al. (2013b, 2014)
on globular clusters projected onto NW-K2. Veljanoski et al. (2014) found a velocity gradient of
−1.0±0.1 km s−1 kpc−1 across the globular clusters, that becomes increasingly negative in the direc-
tion of M31.
With both NW-K1 and NW-K2 appearing to have trajectories infalling towards M31 I hypothe-
sise that they cannot be part of the same structure. However, I note that as I only have line of sight
velocities, the gradients could be due to the shape of the stream and there could be stronger, unde-
tectable, velocity components in directions compatible with a single structure. Since Komiyama et al.
(2018) find both sections of the NW stream lie behind M31 for them both to have infall trajectories
towards M31 is difficult to reconcile with a single stellar structure and it is more probable that they
are different streams.
2.3.2 Metallicities
I measured the spectroscopic metallicities of the stars in And XXVII /NW-K1 using the CaT lines
between 8400A˚-8700A˚. As the S/N is greater than 3 for only 12 of the 38 confirmed And XXVII
/NW-K1 stars, I concluded that using the individual spectra to determine metallicities would not
deliver robust results.
In low S/N spectra, the CaT lines are hard to distinguish from the noise and are, therefore, un-
reliable. As I saw only a small spread of metallicities on the CMD, I chose to stack the spectra
(following the approach of Ibata et al. 2005a, Chapman et al. 2005, 2007 and Collins et al. 2010,
2011a) as combining them would likely give a good estimate of the average.
I prepared the individual spectra, following the method described by Collins et al. (2013a), by
correcting for the velocity of the individual star, smoothing the spectrum and normalising the data
using a median filter. I weighted each spectrum by its S/N and interpolated the spectra to a consistent
framework before co-adding the fluxes. I simultaneously fitted the continuum and the CaT lines to
the co-added spectrum. Figure 2.8 shows an example of the solid black line of the co-added spectrum
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Figure 2.7: Velocity gradient across all fields with respect to the centre of M31. The values for the velocities
and the uncertainties (at 68% confidence limits) were obtained from the EMCEE algorithm (as indicated by the
pdfs shown at Figure 2.3). The field locations were obtained using the mean value of all the α and δ for the
stars on each respective field. The blue line is the best fit line and has a gradient of −1.7±0.3 km s−1 kpc−1.
The shaded area, bounded by dotted lines, indicates the standard deviation (±3.7 km s−1) about the best fit
line. The star shaped icons represent the And XXVII/NW-K1 confirmed stellar population for each field, the
colour coding denotes the field on which they were observed.
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overlaid with the blue best fit curve used to obtain the equivalent widths.
The relationship between equivalent width and [Fe/H] of an object is well established (Rutledge
et al. 1997, Battaglia et al. 2008, Starkenburg et al. 2010) and has been calibrated for use with all three,
or subsets thereof, CaT lines. As not all of the co-added spectra had three well defined CaT lines (i.e.
the first line was often contaminated by sky-lines) and as the isochrone analysis indicated the stars
were metal-poor, I followed the approach described by Starkenburg et al. (2010) and substituted the
equivalent widths obtained above into:
[Fe/H] = a+ bM + cEW(2+3) + dEW
−1.5
(2+3) + eEW(2+3)M (2.3.14)
where: a, b, c, d and e are taken from the calibration to the Johnson-Cousins MI values and equal to
−2.78, 0.193, 0.442, −0.834 and 0.0017 respectively; and EW2 and EW3 are the equivalent widths
for the CaT lines at 8542A˚ and 8662A˚ respectively. EW(2+3) = EW2 and EW3. M is the absolute
magnitude of the star given by:
M = i− 5× log10(D) + 5 (2.3.15)
where: i is the i-magnitude of the star and D is the heliocentric distance for the star, which I as-
sumed, in all cases, to be the heliocentric distance for And XXVII. Uncertainties on the metallicity
were determined using the uncertainties on the equivalent widths combined in quadrature. The equiv-
alent width uncertainties were obtained from the covariance matrix produced by the fitting process.
Other intrinsic uncertainties in the approach taken are discussed in Starkenburg et al. (2010).
I present my results in Table 2.4. I find the metallicity for And XXVII [Fe/H]spec =−2.1+0.4−0.5, while
NW-K1 has a mean metallicity of [Fe/H]spec = −1.8±0.4. My values are consistent with previous
findings of: [Fe/H]phot = −1.7±0.2 (Richardson et al. 2011); [Fe/H]spec = −2.1±0.5 (Collins et al.
2013a); the metallicity of And XXVII’s RR Lyrae stars = −1.62±0.23 (Cusano et al. 2017), and with
the results from the isochrone analysis (see Figure 2.2).
Figure 2.9 shows that, as established by Kirby et al. (2013), the spectroscopic metallicities of MW
dwarf galaxies decreases with decreasing luminosity in a relationship given by:
〈[Fe/H]〉dSph = (−1.69± 0.06) + (0.29± 0.04)log
(
Lv
106L
)
(2.3.16)
where: 〈[Fe/H]〉dSph is the average weighted mean metallicity of the galaxy and Lv is its corresponding
luminosity. It also shows that the M31 dSphs also conform to this relationship (Collins et al. 2013a).
When I include the data for And XXVII the plot shows that And XXVII’s metallicity lies within 1-σ
of the best fit line and is consistent with Local Group dwarf galaxies of similar luminosities.
2.4 Conclusions
In this chapter, I present the kinematic and spectroscopic analysis of 38 red giant branch stars from
7 fields, including 4 new ones, spanning And XXVII and NW-K1. I have confirmed secure members
of the stellar populations belonging to both features by testing their strength of association with a
fiducial isochrone and with the systemic velocity for And XXVII (see Table 2.5). My results lead me
to conclude:
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Figure 2.8: Co-added spectrum from field 603HaS overlaid with the best fit curve (solid blue line). This
is representative of the results of the spectral analyses conducted for all fields. The dotted lines indicate the
position of the CaT.
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Figure 2.9: Spectroscopic metallicities as a function of luminosity at the half light radius for Local Group
dwarf galaxies with those from M31 shown as blue circles, those from MW shown as red triangles and And
XXVII/NW-K1 shown as a green diamond. The dashed line indicates the best fit line, following the approach
by Kirby et al. (2013). The shaded area, bounded by dotted lines, indicates the 1σ deviation. Data sources:
Collins et al. (2013a) and Kirby et al. (2013) and Ho et al. (2015).
43
2.4. CONCLUSIONS
Field [Fe/H]spec
And XXVII
7And27 −2.1+0.4−0.5
NW-K1
A27sf1 −1.7+0.3−0.4
603HaS −1.5± 0.4
A27sf2 −1.6+1.5−4.0
604HaS −2.5+0.6−1.0
A27sf3 −1.8±0.5
NW-K1 mean −1.4±0.1
Table 2.4: Results of spectroscopic metallicity analysis for And XXVII and NW-K1. The metallicities are
obtained from co-added spectra weighted by S/N for stars on each field.
• The heliocentric distance for And XXVII is 827 ± 47 kpc. Determined by Richardson et al.
(2011) this was later revised by Conn et al. (2012) to 1255 +42−474 kpc using the Tip of the RGB
approach. However, their work also shows the distance posterior distribution for And XXVII
has a pronounced second peak, indicative of an heliocentric distance ∼800 kpc. Given this
value is consistent with the findings of Richardson et al. and Cusano et al. (2017) and that the
confirmed member stars for And XXVII, presented here, are probably brighter than assumed by
Conn et al. (as can be seen in the CMD plot for field 7And27 at Figure 2.2, where the dashed
isochrone has been distance corrected to 1255 kpc) I believe the original heliocentric distance
is likely to be the most accurate.
• And XXVII is likely to be in the process of being tidally stripped by M31. I measured σv for And
XXVII as ∼27 km s−1 which, while inconsistent with neighbouring NW-K1 fields and many
other dwarf galaxies in the Local Group, is consistent with expectations of a dwarf galaxy in
the throes of tidal disruption.
• Given the possibility that And XXVII is tidally disrupting and is not in virial equilibrium, it is
not possible to constrain its mass. However, the kinematic results, especially for NW-K1, may
be useful for mapping the orbit of And XXVII and determining its pre-infall halo mass.
• And XXVII is a plausible candidate to be the progenitor of NW-K1: this work shows consis-
tent properties in the stellar populations for And XXVII and NW-K1 both kinematically, with
systemic velocities of −542.3+7.1−7.4 ≤ v / km s−1 ≤ −498.6 ± 5.3 and spectroscopically with
−1.5 ≤ [Fe/H] ≤ −2.5. In addition I find a velocity gradient consistent with an infall trajectory
towards M31 across And XXVII and NW-K1. Taken together, this indicates that And XXVII
and NW-K1 are, potentially, elements of a single feature of which And XXVII may very possi-
bly be the progenitor.
• The NW Stream may not be a single structure: The velocity gradients from both NW-K1 and
NW-K2 are indicative of infall trajectories towards M31. As both streams may lie behind M31,
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this is difficult to reconcile with a single trajectory looping around M31. Therefore, I conclude
that it more likely that they are different streams, with NW-K1 associated with And XXVII and
NW-K2 not.
Table 2.5: Properties of And XXVII and NW-K1 candidate stars. The columns include: (1) Field name and star
number; (2) Right Ascension in J2000; (3) Declination in J2000; (4) i-band magnitude; (5) g-band magnitude;
(6) S/N (A˚−1); (7) line of sight heliocentric velocity, v ( km s−1); (8) Probability of membership of And XXVII
and NW-K1 as defined in Equation 2.3.7.
Field/Star α δ i g S/N v PA27
And XXVII
7And27
5 00:37:18.84 +45:23:19.3 22.1 23.3 2.5 −463.2 ± 4.8 0.65
6 00:37:19.75 +45:23:51.8 21.4 22.8 4.7 −539.6 ± 4.0 0.98
7 00:37:19.82 +45:24:17.8 21.6 23.0 3.9 −476.1 ± 6.4 0.83
11 00:37:19.24 +45:21:36.4 21.8 23.1 3.1 −563.1 ± 4.1 0.97
19 00:37:33.79 +45:25:18.9 22.4 23.6 2.2 −539.2 ± 9.6 0.99
20 00:37:41.84 +45:25:27.9 22.0 23.5 2.7 −544.7 ± 5.2 0.94
31 00:37:36.90 +45:27:06.8 21.8 23.3 3.5 −533.3 ± 5.3 0.96
32 00:37:43.68 +45:27:11.3 21.3 23.0 5.3 −533.5 ± 3.2 0.97
46 00:37:7.86 +45:22:50.5 22.6 23.8 2.0 −579.1 ± 15.6 0.95
54 00:37:21.21 +45:24:25.2 23.2 24.1 1.5 −499.5 ± 11.4 0.95
55 00:37:19.59 +45:24:37.5 23.2 24.2 0.8 −480.4 ± 4.0 0.91
NW-K1
A27sf1
11 00:39:28.22 +45:09:7.8 21.3 23.0 5.3 −540.9 ± 3.2 0.87
23 00:40:12.21 +45:04:21.1 22.1 23.4 2.2 −535.8 ± 7.6 0.97
31 00:39:37.65 +45:8 :52.8 22.8 24.0 1.3 −560.0 ± 16.5 0.98
32 00:39:24.05 +45:10:26.6 22.9 23.9 1.4 −571.2 ± 5.6 0.98
33 00:39:18.52 +45:10:29.4 22.8 24.0 1.8 −525.1 ± 12.1 0.92
35 00:39:30.70 +45:11:07.3 22.7 24.0 1.6 −517.3 ± 11.0 0.90
37 00:39:22.19 +45:11:56.9 22.6 24.0 1.6 −540.9 ± 9.6 0.83
38 00:39:25.79 +45:12:53.9 22.6 23.9 1.4 −549.1 ± 16.7 0.93
603HaS
10 00:39:8.53 +45:15:46.8 21.2 23.0 4.6 −527.9 ± 5.0 0.86
15 00:39:5.93 +45:16:55.3 22.1 23.4 2.2 −526.2 ± 3.1 0.99
Continued on next page
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Table 2.5 – Continued from previous page
Field/Star α δ i g S/N v PA27
603HaS (continued)
20 00:39:25.73 +45:19:55.0 22.4 23.6 1.5 −531.5 ± 4.0 1.00
32 00:38:30.15 +45:18:18.1 21.7 23.1 3.0 −519.6 ± 6.0 0.99
33 00:38:46.02 +45:17:28.4 21.2 23.2 4.8 −537.5 ± 4.0 0.60
35 00:38:38.75 +45:17:33.4 21.7 23.2 3.4 −546.9 ± 8.1 0.98
38 00:38:44.39 +45:15:36.2 21.7 23.3 3.6 −526.2 ± 5.2 0.91
46 00:38:32.03 +45:19:34.1 22.3 23.7 1.7 −535.8 ± 17.3 0.9
A27sf2
33 00:36:4.85 +45:31:17.8 22.6 24.0 1.5 −521.6 ± 15.5 0.9
42 00:36:42.08 +45:34:11.6 22.5 23.7 1.1 −517.0 ± 8.3 1.0
604HaS
16 00:31:44.15 +46:11:9.8 21.6 23.0 2.7 −503.1 ± 9.1 0.99
A27sf3
7 00:30:33.8 +46:10:30.1 21.6 23.1 8.7 −489.1 ± 7.9 0.98
31 00:30:33.67 +46:13:04.5 22.2 23.6 2.4 −505.8 ± 7.3 0.93
32 00:30:45.72 +46:13:25.7 22.3 23.7 2.0 −500.4 ± 11.3 0.96
35 00:30:32.56 +46:14:45.8 22.6 23.7 1.6 −498.7 ± 3.8 0.97
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Chapter 3
Tracking Andromeda’s North West Stream
In this chapter, I present the results of a dynamical stream fitting for the NW Stream in the outer halo
of M31. To confirm or refute the hypothesis that the two segments of the NW Stream do not comprise
a single structure (see Chapter 2), I use observational data from six fields associated with the upper
segment, NW-K1, and properties of five globular clusters co-located on-sky with the lower segment,
NW-K2, to constrain model orbits. I use a fixed potential model for M31 and a leapfrog integration
algorithm to generate orbits for NW-K1. I measure the central tracks and predict proper motions
for both stream segments. My results support the hypotheses that the dwarf spheroidal galaxy And
XXVII is the progenitor of NW-K1 and that the two segments of the stream are not parts of a single
structure.
3.1 Introduction
The sinuous spiral arms of the M31 are surrounded by ∼30 satellite galaxies, more than 400 glob-
ular clusters (Barmby & Huchra 2001) and ∼10 stellar streams and shell structures (Martin et al.
2014a, Ibata et al. 2014a, Ferguson & Mackey 2016, McConnachie et al. 2018). Stellar streams occur
when stars are stripped from a satellite under the influence of tidal disruption by a much larger host
galaxy. The elongation of the stream arises from the different energies acquired by the escaping stars
producing “leading” and “trailing” tails about their disrupting progenitor (see Section 1.2.2).
One of these streams, the NW Stream, lies in the distant reaches of M31’s outer halo and comprises
two separate segments (see K1 and K2 in Figure 1.4). The lower segment, NW-K2, was discovered
in the PAndAS survey by McConnachie et al. (2009). It is ∼6◦ (∼80 kpc) long in projection and is
located ∼50 - 120 kpc from the centre of M31. It is also co-located on the sky with a number of
globular clusters (Huxor et al. 2008, Mackey et al. 2010, Veljanoski et al. 2013b, 2014). The upper
segment, NW-K1, was discovered along with its plausible progenitor, And XXVII, by Richardson
et al. (2011). They find NW-K1 to be ∼3◦ (∼40 kpc) long in projection, located ∼50 - 80 kpc from
M31’s centre (see Figure 1.4).
Figure 3.1 shows a density plot of the North West quadrant of the M31 halo. For clarity, the left
hand panel shows both parts of the NW stream while the right hand panel shows the same information
overlaid with the on-sky positions of some of the globular clusters co-located on-sky with NW-K2,
and the positions of the six fields from which the observational data were obtained for NW-K1. An
analysis of the stream by Carlberg et al. (2011) noted that, as can be seen in Figure 3.1, NW-K2 is
virtually complete while NW-K1 is not well-defined and has a number of obvious gaps. They argued
that these variations in the density were consistent with the effects of dark matter sub-halos on the
∼12 Gyr old stream. Kirihara et al. (2017b) modelled the orbit of NW-K2 to determine the nature of
the progenitor of the full extent of the NW stream and concluded it could be And XXVII. Komiyama
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et al. (2018) also modelled NW-K2 and found both it and NW-K1 lie behind M31.
Recent research by Preston et al. (2019) (described in the preceding Chapter and hereafter P19)
found evidence that the NW Stream may not be a single structure. They detected a velocity gradi-
ent dv
dr
= -1.7±0.3 km s−1 kpc−1 acting along NW-K1 in the direction of M31, which taken together
with the systemic velocities of And XXVII and NW-K1 is considered to be indicative of an infall
trajectory. Comparing this result with that of Veljanoski et al. (2014), who found a velocity gradient
dv
dr
= −1.0±0.1 km s−1 kpc−1 acting across the globular clusters on NW-K2, also on an infall trajec-
tory towards M31, P19 showed that it is plausible that NW-K1 and NW-K2 are not part of a single
structure.
To test this hypothesis, and that of And XXVII being a plausible candidate for progenitor of NW-
K1, I modelled both segments of the NW stream. Modelling and dynamical fitting of streams is a
long established practice to, for example, determine the track of the progenitor, ascertain the potential
of the host galaxy or find the relation of the tidally disrupting debris to the orbital plane (Lynden-Bell
1982, Kuhn et al. 1996, Grillmair 1998, Zhao 1998, Johnston et al. 1999, Koposov et al. 2010, Erkal
et al. 2016a, 2018, 2019, Bovy et al. 2016, Fardal et al. 2019 and Hendel et al. 2018). So in this
chapter I aim to:
• Simulate the stream produced by And XXVII by modelling it as an orbit to confirm, or refute,
my hypothesis that And XXVII is a plausible candidate for the progenitor of NW-K1.
• Model possible orbits that match the track of the NW-K2 stream. I will examine these orbits,
along with those for NW-K1, to see if there are any that connect the two streams, thereby con-
firming, or refuting, my hypothesis that NW-K1 and NW-K2 are not parts of a single structure.
• Determine And XXVII’s closest approach to M31 and its highest line of sight velocity relative
to M31 at this point.
The chapter is structured as follows: Sections 3.2 and 3.3 describe the observational data and
approach to simulating and fitting the orbits of the progenitors of NW-K1 and NW-K2. Section 3.4
presents a discussion of my findings and my conclusions are presented in Section 3.5.
3.2 Observations
The kinematic and photometric data were obtained as part of the PAndAS survey and reduced as
described in Section 2.2. Follow-up observations, presented in the preceding chapter and in P19, were
obtained using the DEIMOS spectrograph on the Keck II Telescope and reduced using the specifically
constructed pipeline described by Ibata et al. (2011). Target stars were selected as described in Section
2.2.
Section 2.3.1 describes the approach used here to confirm secure stellar populations for And
XXVII and NW-K1. This includes obtaining an overall probability of membership based on (1)
each star’s proximity to a fiducial isochrone overlaying the And XXVII/NW-K1 RGB on the CMD
and (2) its radial velocity. The numbers of confirmed stars in each field are shown in Table 3.1.
To obtain a similar dataset for NW-K2 I used the properties of five of the globular clusters co-
located on-sky (Veljanoski et al. 2014), see Table 3.2 and Figure 3.1.
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Throughout this chapter I adopt an heliocentric distance of 783 ± 25 kpc and a radial velocity of
-300 ± 4 km s−1 for M31 from McConnachie (2012).
Field name Date PI αJ2000 δJ2000 vr Members
A27sf1 2015-09-12 Collins 00:39:39.96 +45:08:47.73 −542.3 +7.1−7.4 8
603HaS 2010-09-09 Rich 00:38:58.52 +45:17:32.20 −530.2 +2.9−3.1 8
7And27 2011-09-26 Rich 00:37:29.40 +45:24:12.50 −526.1 +10.0−11.0 11
A27sf2 2015-09-12 Collins 00:36:13.17 +45:32:31.68 −518.4 +12.5−12.5 2
604HaS 2010-09-09 Rich 00:32:05.16 +46:08:31.20 −507.4 +10.7−10.8 1
A27sf3 2015-09-12 Collins 00:30:25.60 +46:14:52.66 −498.6 +5.3−5.3 4
Table 3.1: Properties for the observed fields across And XXVII and along NW-K1, including: Field name; Date
observations were made; Observing PI; Right Ascension and Declination of the centre of the field, Systemic
velocity and Number of confirmed members of the AndXXVII/NW-K1 stellar populations for each field. The
α and δ for the centre of each field are determined by taking the mean of the coordinates for all stars on the
field. The fields are listed in order of increasing distance from M31.
Name αJ2000 δJ2000 vr
PAndAS-04 00:04:42.90 +47:21:42.00 −397 ± 7
PAndAS-09 00:12:54.60 +45:05:55.00 −444 ± 21
PAndAS-10 00:13:38.60 +45:11:11.00 −435 ±10
PAndAS-11 00:14:55.60 +44:37:16.00 −447 ± 13
PAndAS-12 00:17:40.00 +43:18:39.00 −472 ± 5
Table 3.2: Properties for NW-K2 globular clusters from (Veljanoski et al. 2014).
3.3 Modelling Approach
3.3.1 Stream Models
And XXVII and NW-K1
While tidal streams do not exactly follow an orbit (Sanders & Binney 2013), in many cases orbits can
be used as simple models for streams. This, and the modest amount of data available for NW-K1,
motivates the use of simple orbit models to trace the track of the stream as has been done previously
by Ibata et al. (2002, 2004, 2014a), Chapman et al. (2006), Koposov et al. (2010), Carlberg (2012),
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Figure 3.1: On-sky positions of And XXVII, NW-K1 and observed fields. The data are obtained from the
PAndAS catalogue for stars with 20.5 ≤ i0 ≤ 24.5 and −2.0 ≤ [Fe/H] ≤ −0.5 and plotted in tangent plane
standard coordinates centred on M31. The solid blue line represents the M31 disk (taking a semi-major axis
of 55 kpc with a flattening of 0.6, Ferguson & Mackey 2016). The left hand panel shows only the stream
features. The right-hand panel shows the same data overlaid with the on-sky positions of the observed fields,
represented by: square = A27sf1; circle = 603HaS; diamond = 7And27 (inset with a smaller, purple, diamond
indicating the centre of And XXVII); inverted triangle = A27sf2; left-pointing triangle = 604HaS and right-
pointing triangle = A27sf3. The icons are coloured coded by the systemic velocities derived in P19. The figure
also indicates the relative positions of another M31 satellite, And XXV (Richardson et al. 2011) and globular
clusters, PAndAS-04 (P04) to PAndAS-12 (P12) in NW-K2 (Veljanoski et al. 2014).
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Fardal et al. (2013), Lux et al. (2013) and Malhan & Ibata (2018). I adopted this as a working
assumption as I modelled NW-K1 and NW-K2, both of which are faint and for which there are sparse
datasets. Given that P19 find And XXVII to be a plausible contender for the progenitor of NW-K1, if
I model its orbit I should obtain an acceptable model of the NW-K1 stream track.
To create the stream model I used a leapfrog integrator to generate an orbit both backwards and
forwards from the centre of And XXVII. The software was written and adapted for use with an M31
potential by Dr Denis Erkal, who had previously used it for MW streams (Erkal et al. 2018, 2019).
The M31 potential was modelled using the parameters shown in Table 3.3. The bulge was modelled
as an Hernquist sphere (Hernquist 1990) with a mass of 3.24 x 1010 M and a rs = 0.61 kpc. A
Miyamoto-Nagai disk (Miyamoto & Nagai 1975) with a mass of 7.34 x 1010 M and rs = 5.94 kpc
was selected to model the M31 disk, which can be treated as spherical as I am only interested in
orbits that lie far from the M31 disk. Finally an NFW halo (Navarro et al. 1996) with a mass of
2.089 x 1012 M, rs = 30.3 kpc and concentration of 22 was defined to represent the M31 halo. These
are similar to the parameters that have been used by other groups, including Geehan et al. (2006),
Fardal et al. (2007, 2008, 2012), Kirihara et al. (2017b) and Komiyama et al. (2018), in their leapfrog
integration and N-body simulations of M31 and related features including NW-K2.
Parameter Value
Hernquist Bulge
Bulge mass 3.24 x 1010 M
Scale radius 0.61 kpc
Miyamoto-Nagai disk
Disk mass 7.34 x 1010 M
Scale radius 5.94 kpc
NFW halo
Halo mass 2.089 x 1012 M
Scale radius 30.3 kpc
Concentration 22
Table 3.3: Parameters for modelling the M31 potential. The value for the disk concentration was obtained from
Geehan et al. (2006). All other values obtained from Fardal et al. (2007).
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For the generated orbit to trace the centre-line of the NW-K1 stream track, I initiated the or-
bit based on the six-dimensional position of And XXVII. I used the location of And XXVII (α =
00h:37m:27s.1 and δ = +45o: 23m 13s.0) as the starting point. I randomly sampled the velocity pa-
rameter around the systemic velocity of And XXVII, vr = −526.1+10.0−11.0 km s−1 (P19), defining the
dispersion by combining in quadrature the uncertainties for the systemic velocity of And XXVII and
M31 (= ±4 km s−1 from McConnachie 2012). I initialised the distance parameter to the heliocentric
distance for And XXVII, 827 kpc (Richardson et al. 2011), taking random samples within a disper-
sion defined by combining in quadrature the uncertainties for And XXVII and M31 (i.e.±47 kpc for
And XXVII from Richardson et al. 2011 and ±25 kpc for M31 from McConnachie 2012).
Given that proper motions are not available for And XXVII, I sampled random values from a
normal distribution around µ∗α = 0.0 ± 0.029 mas/yr and µδ = 0.0 ± 0.029 mas/yr, which equates to a
velocity dispersion at the distance of And XXVII of∼100 km s−1. I determined the dispersion using:
µ = vrel/(4.74D,A27) (3.3.1)
where µ represents µ∗α (where µ
∗
α = µα cosδ) or µδ, vrel is the relative velocity between And XXVII
and M31, taken to be ∼-200 km s−1, 4.74 is a unit conversion factor, and D,A27 is the heliocentric
distance of And XXVII.
I used the above parameters to generate 10,000 stream models each of which was integrated
forwards and backwards for 0.5 Gyr in time steps of 0.1 Myr, which should provide a sufficient
timeframe to detect credible connections between the two streams.
To find the best fit orbit I evaluated each stream model by conducting a χ2 analysis for the declina-
tion and line of sight velocity using the centres of the observed fields shown in Table 3.2. To find the
orbit with properties that most closely resemble the field data I first found the two right ascensions in
the orbit αol and α
o
r that lie either side of the closest match to the centre of each observed field (αf,j).
I obtained the corresponding values for the declination (δol and δ
o
r), the radial velocity (v
o
r,l and v
o
r,r)
and the distance (dol and d
o
r). I then used linear interpolation to obtain the values from the model orbit
that were the closest match to the observed data using:
δo,i =
(
δol − δor
αol − αor
)
(αf,j − αor) + δor (3.3.2)
vo,i =
(
vor,l − vor,r
αol − αor
)
(αf,j − αor) + vor,r (3.3.3)
do,i =
(
dol − dor
αol − αor
)
(αf,j − αor) + dor (3.3.4)
where: δo,i, vo,i and do,i are the closest values for declination, velocity and distance from the model
orbits to the same properties for the field centres and And XXVII.
I then calculated the respective χ2 for each of the properties using:
χ2δ =
∑
i
1
2
(
δo,i − δf,j
σδ,f
)2
(3.3.5)
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χ2v =
∑
i
1
2
(
vo,i − vf,j
σv,f
)2
(3.3.6)
χ2d =
∑
i
1
2
(
do,i − df,j
σA27
)2
(3.3.7)
where: χ2δ , χ
2
v and χ
2
d are the χ
2 values for the positional, velocity and distance parameters; σδ,f is
the uncertainty on the positional parameter, for which I used the standard deviation from the mean of
the α and δ values for the centre of the observed field, σv,f is the uncertainty on the systemic velocity
value calculated by P19 and dA27 is the distance uncertainty, obtained from Richardson et al. (2011).
Finally, I combined the above χ2 values to find an overall total for the model that best matched all the
observed properties collectively i.e.
χ2tot = χ
2
δ + χ
2
v (3.3.8)
As there were no reliable distances to the centres of the observed fields χ2d was not included in the
final determination of the overall χ2.
Figure 3.2shows the results of the χ2 analysis. The middle and right hand panels show the systemic
velocity of And XXVII as a function of µ∗α and the heliocentric distance of And XXVII as a function
of µ∗α respectively. The left hand panel shows µδ vs µ
∗
α and indicates that there are two possible
solutions for the proper motions for NW-K1 i.e. one for the stream moving away from and one with
the stream moving towards M31, with the highest density of low χ2 values appearing in this latter
region of the plot.
NW-K2
To produce model orbits for NW-K2, I followed the process described in Section 3.3.1, adapted in
line with approaches described by Kirihara et al. (2017b) and Komiyama et al. (2018). I assigned the
properties, α = 00h:17m:40s.0, δ = 43o: 18m 39s and line of sight vr = −472 ± 5 km s−1 of globular
cluster PAndAS-12 (Veljanoski et al. 2014) to the initial values for the progenitor. For the heliocentric
distance of NW-K2 I used results from Komiyama et al. who determined heliocentric distances to four
locations along its length. For my models I took the mean of these values and assigned D = ∼834
kpc as the heliocentric distance for the progenitor, PAndAS-12.
I ran the simulator to generate 10,000 orbits and evaluated each one by conducting a χ2 analysis
for the declination, line of sight velocity and distance using the locations of the globular clusters,
PAndAS-04, PAndAS-09, PAndAS-10, PAndAS-11 and PAndAS-12 (see Table 3.2) that lie along
NW-K2. I used these particular clusters as they were used by Veljanoski et al. (2014) to determine the
velocity gradient along NW-K2 so they provide a robust counterpart to the observed fields on NW-K1.
They are also the globular clusters used by Kirihara et al. (2017b) in their test particle models.
Figure 3.3 shows the results of the χ2 analysis. The middle and right hand panels show the
systemic velocity of And XXVII as a function of µ∗α and the heliocentric distance of And XXVII as
a function of µ∗α respectively. The left hand panel shows µδ vs µ
∗
α and indicates that there are two
possible solutions for the proper motions for NW-K2 i.e. one for the stream moving away from and
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Figure 3.2: χ2 analysis of the stream models for NW-K1. The left hand panel, µδ vs µ∗α, indicates that there
are two possible solutions for NW-K1 i.e. one consistent with motion in a direction away from M31 (scatter
in the top left of the plot) and one consistent with motion along an infall trajectory towards M31 (scatter in the
bottom right of the plot), with the highest density of low χ2 values appearing in this latter region. The values
for µδ and µ∗α are obtained by sampling random values from a normal distribution around µδ = 0.0 ± 0.029
mas/yr and µ∗α = 0.0 ± 0.029 mas/yr. The middle panel, And XXVII radial velocity vs µ∗α, shows the radial
velocities sampled during the analysis. The right hand plot, And XXVII heliocentric distance vs µ∗α, shows the
distances sampled during the analysis.
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Figure 3.3: χ2 analysis of the stream models for NW-K2 for the phase space parameters. The left hand panel,
µδ vs µ∗α, indicates that there are two possible solutions for NW-K2 i.e. one consistent with motion in a direction
away from M31 (scatter in the top left of the plot) and one consistent with motion along an infall trajectory
towards M31 (scatter in the bottom right of the plot), with the highest density of low χ2 values appearing in
this latter region. The values for µδ and µ∗α are obtained by sampling random values from a normal distribution
around µδ = 0.0 ± 0.029 mas/yr and µ∗α = 0.0 ± 0.029 mas/yr. The middle panel and right hand panels show
the line of sight velocities and distances sampled during the analysis.
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one with the stream moving towards M31, again with the highest density of low χ2 values appearing
in this latter region of the plot.
3.3.2 Fitting the NW-K1 Stream
The analysis in Section 3.3.1 provides a good indication of the orbit of NW-K1’s potential progenitor,
And XXVII. However, a more accurate delineation of the orbit can be obtained by fitting the track of
the stream. To do this I first obtained the clearest view possible of the stream using the density plot
of the photometric metallicities, [Fe/H]phot, in the quadrant of the M31 halo where NW-K1 is located
(see Figure 3.1). I selected data from the PAndAS catalogue that met the following criteria:
• objects must be point sources, i.e. most likely to be stars.
• they must have luminosities consistent with being And XXVII/NW-K1 stars, i.e. with 20.5 ≤
i0 ≤ 24.5.
• −2.5 ≤ [Fe/H]phot ≤ −0.5. NB while And XXVII and NW-K1 do not appear to have metal-
licities above ∼−1.5, in order to get the clearest definition of the very faint structure that is
NW-K1 and to provide sufficient data for the EMCEE software to determine the coordinates of
the central track of the stream, I had to extend the range out to and including [Fe/H]phot =−0.5.
Next I found the location of central points along the stream and overlaid six 0.4◦ wide bins across
them. The bin heights were set to almost twice the bin width so that I focused the analysis on stars
very near the stream and avoided including And XXV in the final bin. The probability that the location
of the centre of the stream in a given bin is at η0 is defined as :
Pcent,j(ηj, ηunc,j) =
1√
2piη2unc,j
exp
[
−(ηj − η0)2
2η2unc,j
]
(3.3.9)
where Pcent,j is the pdf, ηj is the η coordinate of the stream in the bin with an uncertainty of ηunc,j and
η0 is the η coordinate of a known location in the bin, e.g. the centres of the observed fields.
I also assumed that in each bin there was a background density of stars that could be described in
the form of a linear model given by :
Pbg,j(TR) =
TL +
(
TR−TL
ηmax−ηmin
)
(ηj − ηmin)
A
(3.3.10)
where: TL and TR are the left and right values for the background, ηmax and ηmin are the limits of the
bin, ηj is the η coordinate of the stream track and A is the area under the background function, given
by:
A =
(
TR + TL
2
)
(ηmax − ηmin) (3.3.11)
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The likelihood function for the location of the stream track can then be defined by:
Lbg(η, ηunc, TR) =
N∑
i=1
log(nPcent + (1− n)Pbg) (3.3.12)
where: N is the number of stars and n is a normalising constant indicating how much of the data
relates to the stream and how much to the background.
I used the above equations in an MCMC analysis of the data using the EMCEE software algorithm,
Goodman & Weare (2010), Foreman-Mackey et al. (2013). I defined the priors to be:
• ηmin < η < ηmax
• 0 < ηunc < width of the bin
• 0 < n < 1 and TR > 0.
Values for ηj , ηunc,j, TR and n were initialised using a uniform distribution based on the priors, except
for TR where the condition for the initial value was defined as 0 < TR < 10. I then let the Bayesian
analysis run with 100 walkers taking 10,000 steps with a burn in of 100. To ensure that I had a robust
number of independent samples to represent the data I checked the acceptance fraction and found it
to be ∼ 0.4 which is within the range (0.2 - 0.5) recommended by Hogg & Foreman-Mackey (2018).
My results for the coordinates of the stream are shown in Table 3.4
Bin ξ(◦) η(◦)
0 −0.2 3.22 ± 0.25
1 −0.6 3.83 ± 0.006
2 −1.0 4.20 ± 0.004
3 −1.4 4.78 ± 0.004
4 −1.8 4.77 ± 0.002
5 −2.2 5.21 ± 0.004
Table 3.4: Derived coordinates for the centre of NW-K1 in tangent plane coordinates centred on M31.
The left hand panel of Figure 3.4 shows the positions of the bins overlaid on NW-K1. The right
hand panel shows the same information together with the derived coordinates for the centres of each
bin. On examining these coordinates, I noted that in the first bin there was a considerable amount
of noise from the M31 disk, so it is unlikely that this location is reliable. Similarly for the fourth
bin, where there is a gap in the stream, the result also appears unreliable. So I discarded these two
sets of coordinates and used the remaining four to find the best fit orbit for the stream track. I also
fitted the velocity of the stream at key locations, for which I used the systemic velocities from the
observed fields derived by P19 and listed in Table 3.2. As there are no reliable distances to the
derived coordinates or the observed fields, I set the initial value to the heliocentric distance of And
XXVII. I did not analyse distances along the stream nor did I use them in the fitting process. So
my approach models the track of the stream and the radial velocities along it and is not intended to
produce an exact representation of NW-K1.
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Figure 3.4: On-sky locations of the derived coordinates for the centre of the NW-K1 stream track. The left
hand panel shows the bins (white open rectangles) overlaid onto the stream track. The right hand panel shows
the same data and includes the locations of the stream track coordinates (white filled diamonds) derived from
the MCMC analysis. The location of And XXVII is indicated by the purple star icon.
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I used the same linear interpolation approach as described in section 3.3.1 to obtain the values
from the model orbit that were the closest match to the observed data. I defined the probability
functions for the orbit matching the stream coordinates as:
Pδ(ηcalc, ηunc) =
1√
2piη2unc
exp
[
−(ηo − ηcalc)2
2η2unc
]
(3.3.13)
Pvel(vfield, vunc) =
1√
2piv2unc
exp
[
−(vo − vfield)2
2v2unc
]
(3.3.14)
where Pδ and Pvel are the pdfs; ηo is the interpolated η coordinate for the generated orbit; ηcalc is the
calculated stream coordinate with an uncertainty of ηunc; vo is the interpolated velocity coordinate for
the generated orbit; vfield is the systemic velocity for the observed field with an uncertainty of vunc.
The likelihood function is given by:
L(ηcalc, ηunc, vfield, vunc) =
Nc∑
i=1
log(Pδ) +
Nm∑
i=1
log(Pvel) (3.3.15)
where N c is the number of stream coordinates and Nm is the number of observed fields.
As noted earlier, the χ2 analysis of the stream models shows that there are two possible solutions
for the proper motion of the stream. This could be problematic for the EMCEE software as it is
not designed to handle the ambiguity of two, equally valid, likelihoods for the same parameter. So
to ensure the chains can converge I fitted the two solutions for the stream separately. First, I took
the best fit orbit (with the lowest overall χ2 value). I found that this was consistent with motion in
the direction of M31, i.e. an infall trajectory for the stream model, which is also consistent with the
findings of P19. I used the parameters from this model as the initial values, i.e. µ∗α = 0.033869 mas/yr,
µδ =−0.023938 mas/yr, vA27 =−526.0 km s−1 and dA27 = 827.0 kpc. I defined broad priors for these
parameters that ensured µ∗α and µδ were constrained consistent with a direction towards M31, i.e.
• −0.2 < µ∗α /mas/yr < 0.0
• 0.0 < µδ /mas/yr < 0.2
• −540 < vA27 / km s−1 < −510
• 780 < dA27 /kpc < 880
The range for the proper motions was selected to be very large, constrained only by my expectation
that the stream was unlikely to be moving faster than the escape velocity for M31. I then ran the
Bayesian analysis using EMCEE with 100 walkers taking 5,000 steps with a burn in of 2,500. To ensure
that I had a robust number of independent samples to represent the data I checked the acceptance
fraction and found it to be 0.6, which is just outside the recommended range.
I then repeated the above process for the best fit orbit moving away from M31. I used the param-
eters from this model as the initial values, i.e. µ∗α = −0.03789 mas/yr, µδ = 0.03479 mas/yr, vA27 =
−526.0 km s−1 and dA27 = 827.0 kpc. I defined broad priors for these parameters that ensured µ∗α and
µδ were constrained consistent with a direction away from M31, i.e.
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• 0.0 < µ∗α /mas/yr < 0.2
• −0.2 < µδ /mas/yr < 0.0
• −540 < vA27 / km s−1 < −510
• 780 < dA27 /kpc< 880
In all cases, the key assumptions for fitting the stream are:
• I fix the potential of M31, as defined in Table 3.3, and determine values for the other parameters,
µ∗α, µδ, radial velocity and distance, to produce orbits that follow the observed track of the
stream.
• The stream follows the orbit, which is reasonable given the quality of the data and for stream
progenitors likely to be low mass dwarf galaxies.
• The effect of dynamical friction on the orbit can be ignored. This is done for (a) simplicity, (b)
because the mass of And XXVII is unknown and (c) because it is likely to have only a small
impact on the energy of the stream (Fardal et al. 2006).
• There is no interaction from any of the other M31 satellites.
3.4 Results and Discussion
As the stream fitting for NW-K2 is outstanding, the following section contains comparisons between
stream models from fitted data, for NW-K1, and models based on the χ2 analysis for NW-K2. I
recognise that this does not provide a like-for-like comparison and present the following as an early
indication of potential, final, results.
Figure 3.5 shows the best fit orbit for NW-K1 as generated using the posteriors from the process
described in Section 3.3.2. The lefthand panel shows the track of the orbit overlaid with the locations
of And XXVII and the derived stream coordinates. The right hand panel shows the radial velocity
along the orbit overlaid with the systemic velocities of And XXVII and the observed fields. Both
plots indicate that the models are a good representation of the observed data.
Figure 3.6 shows the best fit orbit for NW-K2 created using parameters for the orbit with the
lowest overall χ2 value, obtained as described in Section 3.3.1. The lefthand panel shows the track
of the orbit overlaid with the locations of PAndAS-12 and the other globular clusters that lie along
NW-K2. The right hand panel shows the radial velocity along the orbit overlaid with the systemic
velocities for the same entities. Both plots indicate that the models are a good representation of the
observed data.
Figure 3.7 shows the projection of both best fit orbits on a photometric map of northwest quadrant
of the M31 halo. It also shows that the orbits follow the tracks of their respective streams and are
co-located with the centre of And XXVII (purple star icon), the centres of the observed fields (blue
rectangles), derived stream coordinates (black diamonds) and the globular clusters (white stars). I
take these findings as confirmation of my hypothesis that And XXVII is a plausible progenitor of
stream NW-K1.
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Figure 3.5: Best fit orbit for NW-K1 obtained using the posterior values from the MCMC fitting process. The
plots show that the best fit model produces a good fit for the stream coordinates and the systemic velocities
of the observed fields. The left hand panel shows the track of the orbit overlaid with the stream coordinates
(yellow circles) and And XXVII (red circle). The blue ellipse traces the M31 disk (using the same properties
as Figure 3.1) and the green arrow indicates the direction of motion of the orbit. The right hand panel shows
the radial velocity of the stream along the orbit overlaid with the systemic velocities of the observed fields
(blue circles) and And XXVII (red circle). Plots for the orbit progressing in the opposite direction are shown at
Figure 3.10
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Figure 3.6: Best fit orbit orbit for NW-K2 from the χ2 analysis. The left hand panel shows the track of the
orbit overlaid with the locations of the globular clusters possibly associated with NW-K2 (cyan) and PAndAS-
12 (magenta circle). The blue ellipse traces the M31 disk (using the same properties as Figure 3.1) and the
green arrow indicates the direction of motion of the orbit. The right hand panel shows the radial velocity of the
stream along the orbit overlaid with the systemic velocities of the globular clusters and PandAS-12.
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Figure 3.7: Best fit orbits for NW-K1 (solid white line) and NW-K2 (solid green line) overlaying a photometric
plot of a section of the M31 disk (bounded by the blue line, produced as described in Figure 3.1). The blue
rectangles indicate the positions and orientations of the observed fields. The purple star represents the centre of
And XXVII. The black diamond icons indicate the positions of the derived coordinates for the centroids of the
stream. The white stars indicate the locations of the globular clusters along NW-K2. NB. as the stream fitting
for NW-K2 is outstanding, this plot does not show a like-for-like comparison of results for the two streams. It
is presented as an early indication of, potentially, the final results.
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Figure 3.8: Best fit orbits for NW-K1 and NW-K2 overlaid on the PAndAS map. The pale green lines show
the most likely tracks of the streams projected backwards for 0.5 Gyrs while the dark green lines show forward
projections of the orbits for 0.5 Gyrs. The arrows indicate the direction of motion for each stream. The blue
ellipse traces the M31 disk (produced as described in Figure 3.1). The purple circle indicates the location of
And XXVII, the grey diamonds show the positions of the stream coordinates in NW-K1 and the white stars
indicate the locations of the globular clusters along NW-K2. The density map contains point source objects
from the PAndAS catalogue with −3.0 < [Fe/H] < 0.0. NB. as the stream fitting for NW-K2 is outstanding,
this plot does not show a like-for-like comparison of results for the two streams. It is presented as an early
indication of, potentially, the final results.
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In Figure 3.8 I project the full extent of both orbits over the PAndAS footprint and see that NW-K1
and NW-K2 have no connection along the backward projection of their tracks, which is where I would
have expected to find one if the two streams were part of the same structure. To test if there were any
other viable orbits that could connect the two streams, I obtained 20 randomly selected orbits from
the posterior chains of the stream fitting process of NW-K1 and 20 orbits with the lowest χ2 values
from the modelling of NW-K2 and compared them. The results are shown in Figure 3.9 and appear
to confirm the initial view that the two streams do not connect. I also note that the tracks of NW-
K2 (shown in the leftmost panel) and the plot of the line of sight radial velocities along the stream
(rightmost panel) are consistent with results obtained by Kirihara et al. (2017b).
I also analyse the 20 orbits for NW-K1 to find the mean value for the distance of the closest
approach of And XXVII to M31 and find rmin = 82 ± 37 kpc. At this point And XXVII is anticipated
to have reached a velocity, vmax = −262 ± 65 km s−1 relative to M31.
To further test the “separate stream” hypothesis, I fit orbits for NW-K1 moving in the opposite
direction to that determined by P19, i.e. away from M31. I plot the best fit orbit and 20 randomly
selected orbits from this stream fitting process against the 20 lowest χ2 orbits for NW-K2 moving
towards M31. I do not take the reverse orbit for NW-K2 since Komiyama et al. (2018) determined
that the simulations of the stream moving away from M31 produced by Kirihara et al. (2017b) (Case
B) were not viable. The results are presented in Figure 3.10 and, again, appear to show no apparent
connection between NW-K1 and NW-K2.
Finally, I examine the radial velocities and distances along both streams. In Figure 3.11 I show,
in the leftmost panel, the on-sky locations of orbits for NW-K1 and NW-K2, all moving on infall
trajectories towards M31. The middle panel, showing the line of sight velocities along these orbits,
indicates some similarities in the velocities along the streams. The right most panel shows the line
of sight distances along the stream tracks, again with no connection. Given the lack of convergence
of the data in either plot, these results would also appear to support the hypothesis that NW-K1 and
NW-K2 are not part of a single structure.
In modelling and fitting the stream tracks for NW-K1 and NW-K2 I have derived potential proper
motions for both streams. When I compare these values with those from other works (see Table
3.5) I note that my values are a consistent order of magnitude to the others in the table. By way of
validating my predicted proper motions for And XXVII and NW-K1 I use them to re-calculate the
relative velocity of And XXVII and M31 using Equation 3.3.1. I find vrel ∼-130 km s−1 which is
also of a consistent order of magnitude with the value obtained by subtracting the systemic velocity
of And XXVII from that of M31.
3.5 Conclusions
I present here the first dynamical stream fits for NW-K1 along with my predictions for the proper
motions of streams NW-K1 and NW-K2. My analysis shows that there are two potential solutions of
the motion of NW-K1, one moving towards M31 with systemic velocities increasing under the influ-
ence of M31’s gravitational potential and one moving away from M31, with the systemic velocities
decreasing as the stream resists the gravitational pull of M31. As NW-K1 lies behind M31 and as the
systemic velocities indicate it is moving towards both us and M31, it is more likely that the stream is
on an infall trajectory towards M31.
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The model for the orbit of And XXVII produces a good representation of the stream track for
NW-K1. The model also produces radial velocities along the stream track that are a good match to
the systemic velocities derived for the observed fields. From these results I conclude that And XXVII
remains a plausible candidate for the progenitor of NW-K1.
When I compare the model orbits for NW-K1 and NW-K2 I find that, whether I model the NW-K1
orbit moving towards or away from M31, there does not appear to be a connection between the two
streams. I conclude that the two streams are separate features and that the NW stream is not a single
structure. I recommend that NW-K1 be renamed the “Andromeda XXVII Stream” and that NW-K2
retains the name the “North West Stream”.
Source µ∗α (mas/yr) µδ (mas/yr)
NW-K1 - towards M31 0.034 ± 0.002 −0.023 ± 0.002
NW-K1 - away from M31 −0.04 ± 0.001 −0.04 ± 0.001
NW-K2 - towards M31 0.022 ± 0.005 −0.036 ± 0.009
And XXVII
Hodkinson & Scholtz (2019) ∼ 0.05 ± 0.02 ∼ 0.05 ± 0.02
M31
Geehan et al. (2006) 0.065 ± 0.018 −0.051 ± 0.015
Sohn et al. (2012)
−0.0458 ± 0.0165 −0.0376 ±0.0154(a)
−0.0533 ± 0.0246 −0.0104 ± 0.0244(b)
−0.0179 ± 0.0278 −0.0357 ± 0.0272(c)
van der Marel et al. (2019) 0.065 ± 0.018 −0.057 ± 0.015
Table 3.5: Predicted proper motions for M31, And XXVII, NW-K1 and NW-K2. The table includes my
predications for the proper motions of NW-K1 (derived from the stream fitting process) and NW-K2 (derived
from the χ2 analysis) together with values for And XXVII and M31. The values for And XXVII were obtained
from interpretation of plotted data as no tabulated data was provided. The work also used previously reported
values for the radial velocity of ∼−539 km s−1 and the heliocentric distance of And XXVII of ∼ 1255 kpc for
the analysis. The different proper motions from Sohn et al. (2012) are from different locations around the M31
halo i.e. (a) is from a spheroid field located to the south east of the M31 minor axis, (b) is from a field located at
the northern tip of the M31 major axis and (c) is a field located on the GSS. NB. as the stream fitting for NW-K2
is still outstanding, the results included in this table are presented as an early indication of the potential, final,
result.
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Figure 3.9: Stream models for NW-K1 and NW-K2 where both are moving towards M31. The black lines
indicate the best fit models. The green ellipse traces the M31 disk (using the same properties as Figure 3.1).
The yellow circles represent NW-K1 stream coordinates, the red circle shows the location of And XXVII, the
cyan circles represent properties of the globular clusters located along NW-K2 with PAndAS-12 shown as a
magenta circle. The blue lines represent 20 randomly selected orbits from the posterior chains of the stream
fitting process for NW-K1, the pink lines represent 20 stream models with the lowest χ2 for NW-K2. The
left hand panel shows the on-sky track of the streams. The middle and right hand panels show line of sight
velocities, with the blue circles on the middle panel indicating the systemic velocities of the observed fields
along NW-K1 and the cyan circles on the leftmost panel indicated the radial velocities of the globular clusters
along NW-K2. NB. as the stream fitting for NW-K2 is outstanding, this plot does not show a like-for-like
comparison of results for the two streams. It is presented as an early indication of, potentially, the final results.
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Figure 3.10: Stream models for NW-K1 moving away from M31 and NW-K2 moving towards it. The black
lines indicate the best fit models. The green ellipse traces the M31 disk (using the same properties as Figure
3.1). The yellow circles represent NW-K1 stream coordinates, the red circle shows the location of And XXVII,
the cyan circles represent properties of the globular clusters located along NW-K2 with PAndAS-12 shown as a
magenta circle. The pale blue lines represent 20 randomly selected orbits from the posterior chains of the stream
fitting process for NW-K1 with proper motions in the direction away from M31, the pink lines represent the 20
stream models with the lowest χ2 for NW-K2. The left hand panel shows the on-sky track of the streams. The
middle and right hand panels show line of sight velocities, with the blue circles on the middle panel indicating
the systemic velocities of the observed fields along NW-K1 and the cyan circles on the leftmost panel indicated
the radial velocities of the globular clusters along NW-K2. NB. as the stream fitting for NW-K2 is outstanding,
this plot does not show a like-for-like comparison of results for the two streams. It is presented as an early
indication of, potentially, the final results.
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Figure 3.11: Line of sight velocities along model orbits for NW-K1 and NW-K2 as a function of on-sky
location. The leftmost panel reprises the on-sky locations of the orbits, with the best fit orbits shown as black
lines. The green ellipse traces the M31 disk (using the same properties as Figure 3.1). The yellow circles
represent NW-K1 stream coordinates, the red circle shows the location of And XXVII, the cyan circles represent
properties of the globular clusters located along NW-K2 with PAndAS-12 shown as a magenta circle. The blue
lines represent 20 randomly selected orbits from the posterior chains of the stream fitting process for NW-K1,
the pink lines represent 20 stream models with the lowest χ2 for NW-K2, both with motion in the direction
of M31. The middle panel shows the line of sight velocities along the stream tracks for NW-K1 and NW-K2,
over-plotted with the systemic velocities for the observed fields (blue circles) and the globular clusters (cyan
circles). The rightmost panel shows the line of sight distances along the stream tracks for NW-K1 and NW-K2,
over-plotted with the heliocentric distances of And XXVII (red circle) and M31 (green circle). NB. as the
stream fitting for NW-K2 is outstanding, this plot does not show a like-for-like comparison of results for the
two streams. It is presented as an early indication of, potentially, the final results.
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Chapter 4
The nature of the Eastern Extent in the outer
halo of M31
The Eastern Extent (EE) is a filamentary feature covering ∼4◦ on-sky 70-90 kpc from the centre of
M31. It is perpendicular to M31’s minor axis and the GSS and overlaps Stream C. In this chapter,
I explore the properties of the EE and look for possible connections between it, Stream C and the
GSS. I present the kinematics and photometry for ∼50 red giant branch stars in 7 fields along the
EE. I measure the systemic velocities for these fields and find them to be −368 km s−1 . v .
−331 km s−1, with a slight velocity gradient of −0.55±0.25 km s−1 kpc−1. I derive the photometric
metallicities for stars in the EE, finding them to be metal-poor with values of −1.0 . [Fe/H]phot .
−0.7 with a <[Fe/H]phot> = ∼-0.9 ± 0.4. I find consistent properties for the EE, Stream B and
one of the substructures in Stream C, Stream Cr, plausibly linking these features. Stream Cp and its
associated globular cluster, EC4, have distinctly different properties indicative of a separate structure.
When I compare my results to the properties of the GSS, I find them to be consistent, albeit slightly
more metal-poor, such that the EE could plausibly comprise stars stripped from the progenitor of the
GSS.
4.1 Introduction
Evidence for intergalactic collisions and mergers can be found in the tidal debris wrapped around
many galaxies in the Local Group and beyond. Stellar streams and concentric shell systems lay
testament to the destruction and accretion of smaller galaxies by larger ones (Press & Schechter 1974,
Springel et al. 2006, Frenck & White 2012). These features present a myriad of insights into the
formation and structure of their host galaxies. Assuming that the debris within a stellar stream follows
the orbit of its progenitor it is possible, using Newton’s Law of Universal Gravitation, to constrain the
gravitational potential and mass of the host (Ibata et al. 2002, 2004, Chapman et al. 2006, Koposov
et al. 2010, Carlberg 2012, Fardal et al. 2013, Lux et al. 2013, Ibata et al. 2014a, Erkal et al. 2016b).
Surveys such as the Dark Energy Survey (DES, Abbott et al. 2005, Shipp et al. 2018), the Sloan
Digital Sky Survey (SDSS, Ahn et al. 2014), the Pan-STARRS1 3pi Survey (PS1, Bernard et al. 2016)
and the ESA/Gaia survey (The Gaia Collaboration. 2016) have discovered more than 60 streams
around the MW (Grillmair & Carlin 2016, Shipp et al. 2018, Malhan & Ibata 2019 and Ibata et al.
2019). Further afield, the PAndAS Survey (McConnachie et al. 2009) has led to the discovery of
more than 10 streams around M31 (Martin et al. 2014a, Ibata et al. 2014a, Ferguson & Mackey 2016,
McConnachie et al. 2018).
Of these, the GSS in the M31 halo, is one of the most spectacular. Discovered in 2001 by Ibata
et al., using the 2.5 m Isaac Newton Telescope (INT), its kinematic and spectroscopic properties have
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been well explored by: McConnachie et al. (2003), Lewis et al. (2004, 2013), Ibata et al. (2005b,
2014a), Chapman et al. (2006), Guhathakurta et al. (2006), Kalirai et al. (2006), Gilbert et al. (2009b,
2012, 2014, 2018, 2019), Tanaka et al. (2010), Conn et al. (2016), Cohen et al. (2018). Work by Ibata
et al. (2007), also discovered that the GSS had multiple stellar populations, with a metal-rich “core”
([Fe/H] ∼ −0.5) and a metal-poor “envelope” ([Fe/H] ∼ −1.3).
The GSS has also been extensively modelled to determine how it was formed, the nature of its
progenitor and/or to constrain the mass of M31 by: Ibata et al. (2004), Fardal et al. (2006, 2008, 2013),
Font et al. (2006), Hammer et al. (2010, 2018), Mori & Rich (2008), Miki et al. (2016), Kirihara et al.
(2017a).
Connections between the GSS and other features in the M31 halo have also been considered. Work
by Ferguson et al. (2002, 2005) showed a plausible association between the GSS and the North East
Shelf (labelled NE Structure on Figure 1.3), while Fardal et al. (2007) reported an association between
the GSS and the Western Shelf, with the possibility that they, and the North East Shelf, originated from
the same progenitor. Other features such as Streams B, C and D which lie perpendicular to the GSS
were first reported by Ibata et al. (2007), who discounted them being associated with the GSS given
their very different stellar populations.
This possibly explains why virtually none of the many models that reproduce the GSS and fea-
tures such as the North East and Western Shelves, reproduce the stream/shell like structures lying
perpendicular to the GSS. The exception being one model by Fardal et al. (2008) that did produce
a debris field reminiscent of these structures but at distances much further from the centre of M31
than the actual features. Similarly, models based on the hypothesis by D’Souza & Bell (2018a,b) and
Hammer et al. (2018) that the GSS was formed by a single major merger between M31 and a massive
progenitor∼1011 M around 2-4 Gyrs ago, do not reproduce these intriguing stellar features running
parallel to M31’s major axis and perpendicular to the GSS.
Alongside Streams C and D lies a filamentary feature, the EE, that appears to be co-located on the
sky with part of Stream C, connects seamlessly with the GSS and has similar photometric colours. Un-
derstanding more about this intriguing feature could help to explain better how the GSS and Streams
B, C and D were formed.
In this chapter I analyse the kinematic and photometric properties of stars in seven fields along the
length of the EE. I compare these with corresponding properties of the surrounding features to see if
there are any possible associations between them. I present the results of my analysis as follows: Sec-
tion 4.2 describes my observations and the data reduction process; Section 4.3 describes my approach
to analysis of the data, Section 4.4 contains a discussion of my findings and I present my conclusions
in Section 4.5.
4.2 Observations
The dataset comprises observations in fields along the EE and GSS as shown in Figure 4.1 and detailed
in Table 4.1. The GSS data (fields S01 - S27) were obtained over six nights in March 2001 and have
been included in previous publications by: Ibata et al. (2004), Ibata et al. (2005b), Chapman et al.
(2006) and Fardal et al. (2013). An early version of the DEEP2 Galaxy Redshift Survey pipeline,
described by Newman et al. (2013), was used to reduce the GSS data.
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Figure 4.1: On-sky location of observed fields in the EE and GSS. The positions of the data fields are indicated
by: blue icons for the EE, green icons for the GSS (Ibata et al. 2001), and magenta icons for Stream C fields
(Chapman et al. 2008). The grey ellipse traces the M31 disk (taking a semi-major axis of 55 kpc with a flattening
of 0.6, Ferguson & Mackey 2016). The density plot includes likely M31 RGB stars, observed by PAndAS, with
−1.7 ≤ [Fe/H] ≤ 0.0. The EE is detected at the south eastern edge of the GSS, and, with its stars appearing to
have similar photometric properties, there is the possibility of a connection between the two.
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Field Date PI αJ2000 δJ2000
DM31 No. of candidate stars within...
kpc EE/GSS M31 MW
Af1 2015-09-17 Rich 00:56:40.00 +36:10 54.00 79.0 9 3 16
Af2 2015-09-17 Rich 00:59:07.68 +37:14:23.07 70.0 8 6 20
Af3 2015-09-17 Rich 00:57:54.45 +37:22:33.05 67.0 8 7 14
Af4 2016-09-04 Rich 01:01:57.38 +38:07:03.49 67.0 10 10 14
Af5 2016-09-04 Rich 01:04:01.91 +39:40:30.22 60.0 4 12 22
Af6 2016-09-04 Rich 01:02:41.88 +40:10:06.07 54.0 7 11 23
Af7 2016-09-04 Rich 01:01:44.69 +39:03:33.85 58.0 9 14 18
S01 2001-09 Ibata 00:52:44.45 +37:17:52.77 61.0 13 12 21
S02 2001-09 Ibata 00:51:33.39 +37:44:12.71 54.0 27 8 23
S06 2001-09 Ibata 00:46:26.85 +39:30:58.00 26.0 5 15 8
S08 2001-09 Ibata 00:43:49.91 +40:23:31.68 12.0 0 56 9
S24 2001-09 Ibata 00:49:30.95 +36:18:48.42 70.0 6 18 76
S26 2001-09 Ibata 00:45:48.17 +38:27:43.06 39.0 23 30 65
S27 2001-09 Ibata 00:48:33.59 +38:41:44.69 38.0 47 13 61
Table 4.1: Properties for observed fields in the EE and the GSS including: Field name; Date observations were
made; Observing PI; Right Ascension and Declination of the centre of each field; Projected distance of the
centre of the field from M31(DM31) and the Number of stars likely to belong to each of the stellar populations
(i.e. EE/GSS, M31 and the MW) based on their radial velocities. The α and δ for the centre of each field are
determined by taking the mean of the αs and δs for all stars on that field.
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Data for the EE were obtained over two observing runs. Data for the first run, for fields Af1 - Af3,
were obtained during a single nights viewing, 1 hour per field, in September 2015. For the second
set of observations, i.e. fields Af4-Af7, the observing time was increased to 2 hours per field with the
aim of confirming additional member stars in these more diffuse fields. Both observing runs used the
Keck II Telescope fitted with the DEep-Imaging Multi-Object Spectrograph (DEIMOS) and focused
on the Calcium Triplet (CaT) region located between wavelengths 8400A˚ and 8700A˚. The pipeline
used to reduce the data is described in Ibata et al. (2011). It corrected for scattered light, flat-field pixel
variations and illumination in the telescope. It also calibrated the pixel wavelengths and determined
the velocity and related uncertainties by: creating a model spectrum comprising a continuum and
absorption profiles of the CaT lines and cross-correlating the model with non-resampled stellar data
to obtain the Doppler shift and the CaT line widths. It then corrected the derived velocity data to the
heliocentric frame.
For all fields the highest priority targets (which were expected to have the highest probability of
membership of the EE/GSS) were bright stars lying on the EE/GSS RGBs i.e. 21.0 < i0 < 22.5. The
next priority was fainter stars on the RGB with 22.5 < i0 < 23.5. The remainder of the field was then
filled with stars with 20.5 < i0 < 23.5 and 0.0 < g-i < 4.0.
Throughout this chapter I take the heliocentric distance of M31 to be 783± 25 kpc (McConnachie
2012).
4.3 Analysing the Eastern Extent and the Giant Stellar Stream
4.3.1 Systemic Velocities
Initially I selected candidate EE/GSS stars based on radial velocity, which I expected to be ∼−355
km s−1 (Gilbert et al. 2009b). Figures 4.2 and 4.3 show the velocity distributions for the stars in
each field overlaid with the pdfs derived from the MCMC analysis. They show clear peaks around
the EE/GSS velocity as well as two peaks for other candidate stellar populations i.e. MW stars (vr
∼−80 km s−1, Collins et al. 2013a) and M31 halo stars (systemic velocity ∼−300 km s−1, Ibata
et al. 2005b). To assign a star to a particular stellar population I defined a Gaussian pdf for each:
Ppop =
1√
2pi(σ2v,pop + v
2
err,i)
× exp
[
− 1
2
(
vr,pop − vr,i√
σ2v,pop + v
2
err,i
)2]
(4.3.1)
where P pop, vpop and σv,pop are the resulting pdf, systemic velocity and velocity dispersion, respec-
tively, for the EE/GSS, M31 and MW stellar populations.
The likelihood function for membership of the EE or GSS, based on velocity, was then defined as:
log[L(vpop, σv,pop)] =
N∑
i=1
log(ηM31Pi,M31 + ηMWPi,MW + ηfeatPi,feat) (4.3.2)
where ηM31, ηMW and ηfeat are the fraction of stars within each stellar population (where ηfeat repre-
sents either the EE or GSS depending on context).
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Figure 4.2: Kinematic analysis of EE fields showing the velocity histograms for EE fields overlaid with the
membership probability distribution function for each of the three stellar populations - shown in blue for the
EE, red for M31 and green for the MW.
75
4.3. ANALYSING THE EASTERN EXTENT AND THE GIANT STELLAR STREAM
Figure 4.3: Kinematic analysis of GSS fields showing the velocity histograms for GSS fields overlaid with
membership probability distribution function for each of the three stellar populations - shown in blue for the
GSS, red for M31 and green for the MW.
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Parameter ( km s−1)a Prior ( km s−1)a
vr,feat −450 ≤ vfeat ≤ −300
vr,M31 −400 ≤ vM31 ≤ −200
vr,MW −150 ≤ vMW ≤ 50
σv,feat 0 ≤ σvfeat ≤ 20
σv,M31
b 0 ≤ σvM31 ≤ 100
σv,MW 0 ≤ σvMW ≤ 150
η
0 ≤ η ≤ 1 with
ηfeat + ηM31 + ηMW = 1
Table 4.2: Priors for the EMCEE analysis. (a) dimensions apply to all parameters and priors except for the
fraction parameters which are dimensionless. (b) for fields Af6, S02, S06, S08, S26 and S27, the prior for M31
is defined as 0 ≤ σv ≤ 150.0 km s−1 as the velocity dispersions, at the distance of these fields from M31, are
found to be > 100 km s−1.
I then used EMCEE (Goodman & Weare 2010, Foreman-Mackey et al. 2013) to fit the Gaussians
simultaneously and derive the posterior distribution for the systemic velocity, velocity dispersion and
fraction parameters for the stellar populations in each field. The set up for this algorithm included:
• Selecting stars where−450.0≤ vi ≤ 0.0 km s−1 and the velocity uncertainty is≤ 20.0 km s−1.
• Setting the initial velocity value for the EE/GSS to v = −350.0 km s−1.
• Obtaining initial values for the velocity dispersions with respect to the distance of the centre of
the field from M31 (see Chapman et al. 2006 and Mackey et al. 2013) using Equation 4.3.3.
• Basing initial values for the fraction parameters: ηM31, ηMW and ηfeat on the velocity distribution
for each field as seen in Figures 4.2 and 4.3.
• Defining the priors as shown in Table 4.2.
σv(R) =
(
152− 0.9 R
1 kpc
)
km s−1 kpc−1 (4.3.3)
Table 4.3 contains the results of the kinematic analysis of EE and GSS fields. I also note that, with
an acceptance fraction ∼0.3 (which is in the range 0.2 − 0.5 recommended by Hogg & Foreman-
Mackey 2018), there is a statistically valid number of independent samples to represent the data. I am
also satisfied that, with a precision ∼0.003 that is very much smaller than the posterior uncertainties,
the MCMC chains have converged.
I note that for some of the fields, i.e. Af1, Af2, S01 and S08, the MW is not well represented
by a single Gaussian. I considered fitting multiple Gaussians to obtain a better model for these data.
However, for fields Af1 and S01 I decided that this would overfit the data and not enhance the quality
of the results. Looking at the data for field S08, I saw that there were so few stars in the MW area of
the histogram that fitting more than one Gaussian would entail trying to obtain meaningful constraints
from one or two stars at best. Given this is statistically unsound I, again, decided not to proceed any
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Field vr σv Confirmed
km s−1 km s−1 stars
Af1 −337.7 +11.4−12.9 15.5 +3.2−6.5 9
Af2 −334.8 +3.3−3.2 4.9 +5.0−3.3 8
Af3 −340.7 +5.3−5.5 9.6 +5.8−5.1 8
Af4 −332.5 +6.0−6.4 14.0 +3.9−5.7 10
Af5 −352.9 +15.8−15.2 12.4 +5.2−7.0 4
Af6 −365.4 +10.5−10.2 24.9 +11.8−12.6 7
Af7 −367.0 +6.1−4.8 10.1 +6.7−7.2 9
S01 −353.1 +9.8−8.5 14.9 +3.7−8.4 13
S02 −369.0 +4.1−4.3 17.4 +1.8−3.2 27
S06 −431.1 +12.6−11.4 13.8 +4.4−9.0 5
S24 −346.6 +8.2−6.1 8.9 +7.6−6.0 6
S26 −410.7 +4.9−5.8 16.1 +2.7−4.1 23
S27 −426.1 +1.7−1.7 10.8 +1.6−1.4 47
Table 4.3: Results of the kinematic analysis of EE and GSS fields. The table includes the number of confirmed
stars in the EE or GSS stellar population in each field.
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further and accepted the results obtained from the original analysis. For field Af2, I did fit two
Gaussians to the candidate MW stars to see what impact this had on the results for M31 and the EE.
I found that the data could be well represented with two Gaussians centred around −50 km s−1 and
−150 km s−1. However, this had negligible effect on the posterior values obtained for the M31 and
EE stellar populations. I explored the relative quality of these two models using the extended Akaike
information criterion, AICc (for use with small datasets) and the Bayesian information criterion, BIC.
I used equations defined by Burnham & Anderson (2004):
AICc = −2log(L) + 2K + 2K(K + 1)
n−K − 1 (4.3.4)
and:
BIC = −2ln(L) +K (4.3.5)
where: L is the maximum value of the likelihood function for a given model, K is the number of
parameters to be estimated and n is the number of data points in the analysis (in my case, the number
of stars in the field). Neither the AICc nor the BIC results provide any insights into the absolute
quality of a given model. They merely indicate the quality of one model relative to another. The
model with the lowest AICc or BIC is considered to be the optimum representation of the data. In
this case the model with the single Gaussian fit had the lower scores for both the AICc and BIC so I
adopted the results from this model for further analyses and inclusion in this chapter.
Having obtained a Gaussian pdf for each of the three stellar populations, I derived the probabilities
for each star belonging to a given population using:
Pvel =
Pfeat
PM31 + PMW + Pfeat
(4.3.6)
with the probability of being a contaminant given by:
Pcontam =
PM31 + PMW
PM31 + PMW + Pfeat
(4.3.7)
To further refine the stellar populations I overlaid the RGBs of the EE and GSS with an array of
isochrones with −2.0 ≤ [Fe/H] ≤ 0.0 (see Figure 4.4), following the approach by Ibata et al. (2007)
and Gilbert et al. (2009b). Using the Dartmouth Stellar Evolution Database (Dotter et al. 2008), I
generated isochrones, prepared for the CFHT-MegaCam ugriz filter, aged 9 Gyrs (Brown et al. 2006b)
and [α/Fe] = 0.0, to form the array. I corrected the isochrones for reddening and distance, for which
I used a value 845 kpc. This heliocentric distance is based on data from McConnachie et al. (2003),
who ascertained that the GSS, in places, lies up to 100 kpc behind M31. They determined distances
to 8 fields to the south-east of M31 that are very closely aligned with, and cover the full range of,
the GSS fields, so I took the average of the distances to these fields to correct the isochrones. This
distance is also consistent with the average distance of the 24 GSS fields analysed by Conn et al.
(2016) within 90% confidence limits. I also used this distance to correct the isochrones for the EE
analysis, believing that to be appropriate in light of my hypothesis that the EE comprises stars stripped
from the GSS’s progenitor.
I surrounded the isochrone grid with a bounding box and plotted the stars that have a high proba-
bility (Pvel ≥ 50%) of being members of the EE/GSS. Stars within the bounding box are likely to be
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Figure 4.4: CMD for EE and GSS fields with an extinction and distance ( D = 845 kpc) corrected array of
isochrones aged 9 Gyrs, [α/Fe] = 0.0 and metallicities of −2.0 ≤ [Fe/H] ≤ 0.0. The small grey dots show stars
from the main PAndAS catalogue that lie within 20 arcmins of one of the fields in each feature (Af7 for the EE
and S27 for the GSS). The stars are colour coded by their probability of association with the EE or GSS based
on their velocities, Pvel. The dashed line indicates the limits of the bounding box. Stars outside the box are
excluded from the stellar populations and further analysis.
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not only EE/GSS candidates but also M31 halo stars. So while I cannot state definitively that stars
within the box are members of the EE/GSS I am confident that stars outside the box, lying further
away from the EE/GSS RGBs, are unlikely to be members of these structures (see Figure 4.4) so I
exclude them from all further analysis.
4.3.2 Metallicities
I examined the spectra for the EE fields and found most have S/N < 3. This means that derived
spectroscopic metallicities are likely to be unreliable. To obtain a reasonable estimate of the average
[Fe/H]spec per field, I stacked the spectra following the approach adopted by Ibata et al. (2005a),
Chapman et al. (2005, 2007) and Collins et al. (2010, 2011a).
Using the approach outlined by Collins et al. (2013a), I prepared the individual spectra for the
EE candidate stars by correcting for their stellar velocities, smoothing and normalising them using
a median filter, weighting them by their S/N, interpolating to a common wavelength then co-adding
their fluxes. I fitted a continuum and the CaT lines of the coadded spectrum simultaneously to obtain
their equivalent widths. As documented by Rutledge et al. (1997), Battaglia et al. (2008), Starkenburg
et al. (2010), there is a well established, calibrated, relationship between the equivalent widths of the
CaT lines and the [Fe/H]spec. Ideally, I would use all three of the CaT lines, however not all of the
co-added spectra have all three clearly defined. In some instances the first line is contaminated by
sky-lines so I adopted the metallicity estimator from Starkenburg et al. (2010) i.e.:
[Fe/H] = a+ bM + cEW(2+3) + dEW
−1.5
(2+3) + eEW(2+3)M (4.3.8)
where: a, b, c, d and e are taken from the calibration to the Johnson-Cousins MI values and equal
to −2.78, 0.193, 0.442, −0.834 and 0.0017 respectively; and EW2 and EW3 are the the equivalent
widths for the CaT lines at 8542A˚ and 8662A˚ respectively. EW(2+3) = EW2 and EW3. M is the
absolute magnitude of the star given by:
M = i− 5× log10(D) + 5 (4.3.9)
where: i is the i-magnitude of the star and D is the heliocentric distance for the star, which I
assumed to be 845 kpc for all stars. Uncertainties on the metallicity were determined by combining in
quadrature the uncertainties on the equivalent widths, obtained from the covariance matrix produced
by the fitting process. I present my results, which show the EE has −1.2 . [Fe/H]spec . −0.6, in
Table 4.4.
The next step would be to perform the same analysis on the spectra of the GSS fields. However, the
extracted spectra are no longer available. Due to their peculiar mask design, these older observation
cannot be reduced with the Ibata et al. (2011) software without significant recoding. I have, therefore,
not included a comparison between EE and GSS spectroscopic metallicities. However, in order to
undertake some form of metallicity comparison, I determined the photometric metallicities for the
stars in both stellar populations based on isochrone proximity.
Using the isochrone grid described earlier, I matched the stars in each field to the nearest isochrone
and set its [Fe/H]phot to that of the isochrone. To determine the uncertainties on these values I took
into account that EE and GSS stellar populations have a variety of distances, ages and α-element
abundances and repeat the [Fe/H]phot analysis using isochrones with the same metallicity ranges for:
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• change in distance: age = 9 Gyrs, heliocentric distance = 783 kpc. When I compared this with
my original analysis, I found my results were shifted by +0.1 dex for both the EE and the GSS.
• change in alpha-enrichment: age = 9 Gyrs, heliocentric distance = 845 kpc and [α/Fe] = 0.2. I
found this shifted my results by −0.12 dex for the EE and by −0.13 dex for the GSS.
• change in age: age = 12 Gyrs, heliocentric distance = 845 kpc and [α/Fe] = 0.0. This shifted
my results by −0.1 for both features.
From these results I see that the largest effect on the [Fe/H]phot is ±0.13 dex. I present my
metallicity results in Table 4.4 and in the lower panel of Figure 4.5, which shows [Fe/H]phot as a
function of velocity. The top panel of this figure shows number of stars as a function of velocity. Both
panels include data for the EE, the GSS, Stream Cr and Stream Cp.
Field <[Fe/H]phot> <[Fe/H]spec>
Af1 −0.69 ± 0.26 −0.93 ± 0.25
Af2 −0.99 ± 0.42 −0.93 ± 0.25
Af3 −0.94 ± 0.46 −0.58 ± 0.60
Af4 −0.77 ± 0.46 −0.93 ± 0.42
Af5 −1.03 ± 0.40 −1.22 ± 0.30
Af6 −0.94 ± 0.35 −0.59 ± 2.89
Af7 −0.74 ± 0.33 −1.31 ± 0.50
All EE fields −0.85 ± 0.41 −0.93 ± 0.3
S01 −0.58 ± 0.31
S02 −0.42 ± 0.31
S06 −0.38 ± 0.12
S24 −0.88 ± 0.46
S26 −0.59 ± 0.34
S27 −0.49 ± 0.40
All GSS fields −0.51 ± 0.37
Cr −0.7 ± 0.2
Cp −1.25 ± 0.2
Table 4.4: Mean photometric metallicities for the EE, GSS and Stream C (from Chapman et al. 2008) stellar
populations by field. The <[Fe/H]phot> values are derived using isochrones with t = 9 Gyrs, [α/Fe] = 0.0
corrected to an heliocentric distance of 845 kpc. The spectroscopic metallicities for the EE are derived from
stacked spectra in each field.
4.4 Discussion
The results of my kinematic and photometric analysis are shown in the table at Appendix C. It is
interesting to note that while the table records no GSS stars present in field S08, I did find six potential
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Figure 4.5: Metallicity and stellar velocity for EE and GSS stars. The stacked histogram shows the distribution
of stars within the stellar populations for the EE (blue), the GSS (red), stream Cr (green) and Cp (magenta).
The lower panel plots metallicity vs stellar velocity for the same populations. The horizontal lines indicate
previously published values of the <[Fe/H]phot> for key features in the M31 halo. EE/GSS [Fe/H]phot values
are derived using isochrones with t = 9 Gyrs, [α/Fe]= 0.0 corrected to an heliocentric distance of 845 kpc.
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candidate stars that had a probability of association with the GSS of ∼30%. However all of them had
a much higher (> 60%) probability of association with the M31 halo. This is unsurprising given the
on-sky location of this field, which lies well within the M31 disk. I, therefore, reject these stars as
GSS stars and exclude them from further analysis. As a result I am left with no GSS stars in this field.
4.4.1 Kinematics
The results presented in Section 4.3 show the secure EE stellar population has systemic velocities of
∼-368 km s−1 ≤ v ≤ ∼-331 km s−1, see Table 4.3. In Figure 4.6 I plot these velocities as a function
of distance from field Af1, which is chosen as the “end point” of the EE as, on-sky, it is closest to
field S24, which lies at the end of the GSS furthest from M31. The plot shows a velocity gradient of
−0.55±0.25 km s−1 kpc−1 along the EE that is increasing in the direction of field Af1.
When I examine my results for the GSS stellar population, I find it has systemic velocities in the
range ∼-431 km s−1 ≤ v ≤ ∼-346 km s−1 (see Table 4.3). This is consistent with the results from
Guhathakurta et al. (2006), Ibata et al. (2007) and Gilbert et al. (2009b). In Figure 4.6, which includes
a plot of the systemic velocities of the GSS fields as a function of distance from field S24, I detect
a velocity gradient of −2.31±0.65 km s−1 kpc−1 along the GSS, increasing in the direction of M31
that is consistent with Gilbert et al. (2014).
Figure 4.7 shows the on-sky positions of a number of features in the south-east quadrant of the
M31 halo, including the EE, the GSS, Streams B, C and D and four globular clusters. From this plot
I see that EE field Af1 and GSS field S24 are located at the end of each feature. With best fit line
intercepts of ∼-332 km s−1 for the EE and ∼-337 km s−1 for the GSS (see Figure 4.6), these two
fields could be close to the turning point (see the black open diamond icon on Figure 4.7) predicted by
Font et al. (2006) from their test particle simulations of the GSS. While this predicted turning point
is further along (∼20 kpc) the GSS than Af1/S24, the locations are broadly consistent. If this is the
turning point in the stream I would expect to see changes in radial velocity e.g. the slowing down of
the velocities along the EE as they yield to the increasing influence of the M31 gravitational potential
before turning, gaining momentum and speed along the GSS in the direction of M31, which I do.
As the stars are potentially stripped from the same progenitor, I would not necessarily expect any
significant changes in their metallicities around the turning point, which is consistent with my results,
i.e. [Fe/H]phot ∼ −0.7 for field Af1 and [Fe/H]phot ∼−0.9 for field S24. In terms of the shape of the
stream at the turning point, there are no definitive morphologies. The stream could fan out or could
maintain a consistent width. The determining factor is most likely to be the intrinsic properties of the
progenitor, as in the case of NGC 1097, where the internal rotation of the progenitor was a key factor
in the stream’s abrupt 90◦, ”dog leg”, morphology (Amorisco et al. 2015).
4.4.2 Photometry
In Table 4.4 the results for the EE show−1.0. [Fe/H]phot.−0.7 with an overall mean of<[Fe/H]phot>
∼-0.9 ± 0.4. I find that this changes little along the length of the feature with Figure 4.8 (which plots
[Fe/H]phot as a function of distance from field Af1 for the EE and Streams Cr and Cp and as a function
of distance from field S24, for the GSS) showing no discernible metallicity gradient across the fields.
My results for the GSS show −0.9 . [Fe/H]phot . −0.4 with an overall mean ∼-0.5 ± 0.4 (see
Table 4.4). However, in this instance I find a very small, 0.01±0.005 dex kpc−1, metallicity gradient
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Figure 4.6: Velocity gradients across EE and GSS fields. The velocity gradients are determined with re-
spect to the centre of fields Af1 (for the EE, blue icons) and S24 (for the GSS, red icons) as they lie at one
end of each feature. The values for the velocities and the error bars are obtained from the EMCEE algorithm
(Foreman-Mackey et al. 2013). The field locations are obtained using the mean value of all the αs and δs for
the stars in each respective field. The distances are measured from field Af1 for the EE, Stream Cr and Stream
Cp and from field S24 for the GSS. The blue line is the best fit line for the EE stars and has a gradient of
−0.55±0.25 km s−1 kpc−1 and an intercept ∼-332 km s−1. The red line is the best fit line for the GSS stars
and has a gradient of −2.31±0.65 km s−1 kpc−1 and an intercept ∼-337 km s−1. The plot also shows the
systemic velocities for Stream Cr (green icon) and Stream Cp (magenta icon). Both are obtained by taking the
average of the systemic velocities for the respective substructures as recorded in Chapman et al. (2008).
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Figure 4.7: On-sky positions of key features adjacent the EE and the GSS colour coded by [Fe/H]phot. The
dotted lines show radial distances from M31. The icons represent the stars from fields in the EE, the GSS and
Stream C, each of which is colour-coded by its [Fe/H]phot. Field S08 has no GSS stars so the plot shows only
the position of the centre of the field, represented by a black circle. Stream C covers two fields, C1 and C2 both
of which contain stars in the substructures Cr (denoted by square icons) and Cp (denoted by triangular icons).
Stream C data is taken from Chapman et al. (2008). The position and metallicity of the globular cluster, EC4
are also shown on the plot along with the positions of other nearby globular clusters, LAMOST-C14 (labelled
LC14), H26 and HEC-13 (labelled HEC13) all of which are represented by black star shaped icons. The black
open diamond, labelled F1, indicates the position of the turning point predicted by Font et al. (2006), based on
N-body simulations of the GSS. The EE/GSS [Fe/H]phot values are derived using isochrones with t = 9 Gyrs,
[α/Fe] = 0.0 corrected to an heliocentric distance of 845 kpc.
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Figure 4.8: Metallicity gradients for EE and GSS stars. The distances are measured from field Af1 for the EE
(blue icons), Stream Cr (green icon) and Stream Cp (magenta icon) and from field S24 for the GSS (red icons).
The blue line is the best fit line for the EE fields and has no discernible gradient. The red line is the best fit line
for the GSS fields and has a very small gradient of 0.01±0.0.005 dex kpc−1. The <[Fe/H]phot> for the Stream
C fields are obtained by taking the average of the metallicities for the respective substructures as recorded in
Chapman et al. (2008).
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(see Figure 4.8) with stars becoming increasingly metal poor with distance from M31. These results
are consistent with Gilbert et al. (2014), who found a small gradient of −0.0101 ± 0.005 dex kpc−1
(Guhathakurta et al. 2006, Font et al. 2006, Kalirai et al. 2006, Koch et al. 2008, Tanaka et al. 2010,
Conn et al. 2016 and Cohen et al. 2018).
I also find the mean metallicities of the two features to be consistent to within 2-σ confidence
levels. Figure 4.9 depicts the metallicity distribution of the EE and the GSS. While I see a similarity
in the two profiles, each with a dominant metal rich peak and matching tails of increasingly metal
poor stars, I note that the EE lacks the metal-rich population that dominates the GSS. This does not
preclude an association between these two features. Simulations by Fardal et al. (2008) show that
disruption of a disk galaxy with a discernible metallicity gradient could produce the GSS and tidal
debris resembling the EE and Streams C and D (see Section 4.4.5) with properties consistent with my
findings.
4.4.3 Streams B, C and D
When I look at the positions of other streams in the M31 halo, Stream C is the nearest to the EE
(see Figure 4.7). To determine if there is any association between these two features I compared their
kinematic and photometric properties. I used work by Chapman et al. (2008), Gilbert et al. (2009b)
and Tanaka et al. (2010) who found that Stream C comprises two substructures:
• Stream Cr: vhel =−349.5± 1.8 km s−1, σv = 5.1± 2.5 km s−1 and a <[Fe/H]> =−0.7± 0.2.
• Stream Cp: vhel = −285.6 ± 1.2 km s−1, σv = 4.3+1.7−1.4 km s−1 and a <[Fe/H]> = −1.3± 0.2,
indicating it to be more metal poor than Stream Cr.
In addition there is a globular cluster, EC4, co-located on the sky with Stream Cp. Collins et al.
(2009) found sufficient similarities in their properties to suggest that EC4 and Stream Cp are related
to one another, but that EC4 is unlikely to be this stream’s progenitor. When I compare the properties
of Streams Cr, Cp, EC4 and the EE I find that Stream Cr is kinematically consistent with the EE (see
Figure 4.6), while those of Stream Cp and EC4 are not. Similarly, comparing Figures 4.8 and 4.9, I
see that Stream Cr is similar to the EE, with a <[Fe/H]phot> within the standard deviation of that for
the EE. However, Stream Cp has a distinctly different metallicity indicating that it, and by association
EC4, are quite different features from the EE. This means it is plausible that Stream Cr and the EE
are related. Given my views above this could also mean that both comprise stripped stars from the
GSS progenitor.
Tanaka et al. (2010) estimate the age of Stream C to be ∼9.3+0.9−1.4 Gyrs, which is consistent with
that of the GSS. Conn et al. (2016) find Stream C fields to have heliocentric distances that are also
consistent with those of the GSS. Assuming an association between the EE and Stream Cr, this could
indicate that they, too, were formed from a progenitor falling in from behind M31.
Figure 4.10 depicts the metallicity distributions for Streams B, C and D (Ibata et al. 2007) and
shows Stream B to be a more metal-poor feature than the EE, peaking at [Fe/H] ∼-1.0 and with a
long tail extending out to [Fe/H] ∼-3.0. However, when I compare Stream B’s systemic velocity,
∼-330 km s−1 (Chapman et al. 2008) with that of the EE I find them to be consistent, so it is not
impossible for these two features to be related.
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Figure 4.9: Photometric metallicity distributions for EE, GSS and Stream C stars. The blue outline indicates
the [Fe/H]phot distribution of the EE stars and the red outline shows that of the GSS stars. The vertical, dashed,
lines show the position of the <[Fe/H]phot> for the EE (blue), the GSS (red) Stream Cr (green) and Stream
Cp (magenta). The shaded area shows the extent of the standard deviation for the EE metallicity distribution.
The vertical, dotted, lines indicate the standard deviations for the GSS (red), Stream Cr (green) and Stream Cp
(magenta). The [Fe/H]phot values are derived using isochrones with t = 9 Gyrs, [α/Fe] = 0.0, corrected to an
heliocentric distance of 845 kpc.
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Figure 4.10: Photometric metallicity distributions for Streams B, C and D. Figure reproduced from Ibata et al.
(2007)
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Stream D has a similar, metal-poor, profile to Stream B, but with a systemic velocity∼−390 km s−1
that is much higher than that of the EE, I conclude that it is unlikely that these two features are asso-
ciated.
4.4.4 Globular Clusters
Three globular clusters lie within the EE footprint and one lies close to its tip (see LC14 on Figure
4.7). Chen et al. (2015) find this latter cluster, LAMOST-C14 to have a radial velocity, vr = 61 km s−1
and [Fe/H] = −1.3. Both of these properties are distinctly different from those exhibited by the EE,
indicating that it is unlikely that these two features are associated. The remaining three globular
clusters are H26 and two halo-extended clusters HEC12 (aka EC4), discussed in Section 4.4.3, and
HEC-13, all of which were first reported by Huxor et al. (2008).
With a radial velocity, vr= −411 ± 7 km s−1 (Huxor et al. 2008, Mackey et al. 2018) and metal-
licity, [Fe/H] = −1.6 (Chen et al. 2016), H26 also appears to be different in nature from the EE.
On-sky it is not close to any of the EE fields. The nearest field, Af2, has a systemic velocity of
∼−334 ± 3 km s−1 and a [Fe/H] ≈-0.9 which are not consistent with those of H26. So I discount
an association between these two features. I also note that it is unlikely that there is any association
between H26 and Stream C as their properties are inconsistent. This is counter to the view of Chen
et al. (2016) based on their metallicity results.
HEC-13 has a radial velocity, vr = −366 ± 5 km s−1, Mackey et al. (2018) which is consistent
within 90% confidence limits to the systemic velocities of the nearest EE fields, Af2 and Af3, so
there is a potential kinematic consistency between the EE and HEC-13. Similarly, this cluster has the
potential to be associated with Stream Cr, which has a radial velocity, vr= −349.5 ± 1.8 km s−1, but
it is unlikely to be associated with Stream Cp.
4.4.5 The Nature of the EE
I have shown that the EE overlaps Stream C on the sky and exhibits similar kinematics and photometry
to the substructure Stream Cr, so it is possible that these two features are part of the same structure.
But what is the nature of that structure - is it a stream or a shell? Both are formed from the tidal
debris resulting from galactic mergers. Streams are formed when stars escape from a satellite galaxy
experiencing tidal disruption by a host. The stars leave the satellite through the Lagrange points of
the combined host/satellite system. Stars leaving via the inner Lagrange point (between the host and
the satellite) fall into lower energy orbits with a shorter period than the satellite. These stars form
the “leading” tail of the stream (Putman et al. 1998). Stars leaving via the outer Lagrange point (on
the opposite side of the satellite to the host) inhabit higher energy orbits with longer periods than
the satellite. These stars form the “trailing” tail of the stream (Hendel & Johnston 2015). Shells
are open, concentric, arcs of stellar overdensities with clearly defined “edges”. The dominant shell
formation theory is that stars, stripped from a satellite galaxy on a radial orbit with its host, accumulate
at the apocentres of their orbits (Ebrova´ et al. 2012, Hendel & Johnston 2015, Pop et al. 2018).
Shells, while exacting to detect due to their low surface brightness (. 28 mag arcsec−2) and irregular
morphologies, can extend out to & 100 kpc from the galactic centre of their host. They are prevalent
in accretion events for higher mass galaxies (> 1012 M) occurring ∼4-8 Gys ago (Pop et al. 2018).
The characteristics for both stream and shell structures are present in the M31 halo.
91
4.5. CONCLUSIONS
N-body simulations and other models of the GSS by Fardal et al. (2006, 2007, 2008, 2009, 2013),
Geehan et al. (2006), Font et al. (2006), Koch et al. (2008), Mori & Rich (2008), Miki et al. (2016) and
Kirihara et al. (2017a) reproduce well the GSS, along with other potentially associated features such
as the North East and Western shelves (see Figure 1.3) but most do not reproduce the Stream C and
D structures. Fardal et al. (2008) did develop a model that produced “curious arcs” that qualitatively
resemble Streams C and D (see Figure 4.11 which shows the stellar surface density/metallicity maps
of M31 obtained from the simulation). In this model the kinematics match the observational data but
at distances much further from the centre of M31 than those for the actual features and the metallic-
ities are more metal-poor than the GSS. To produce the GSS and these associated arc structures the
progenitor is modelled as a large (∼ 109 M), strongly rotating, disk galaxy with a robust metallicity
gradient. In this scenario, the motion of the disk causes some of the debris to move laterally relative
to other material and results in a debris feature, such as that observed. This provides one plausible
explanation of how the GSS and nearby structures formed.
Another possibility is that the EE and Streams C and D are part of a shell structure around M31.
They lie parallel to M31’s major axis and exhibit the characteristic light distribution indicative of
shells, such as those typically found around elliptical galaxies such as NGC 1316 (Fornax A) and
NGC 5128 (Centaurus A) (Pop et al. 2018). Models produced by Fardal et al. (2012) indicate that
the Western Shelf is very possibly a shell created from the same debris that produced the GSS, most
likely during the third orbital wrap of a ∼109 M progenitor around M31. Given my findings it is
possible that the EE and Streams B and Cr are also shells from the same accretion event that created
the GSS and the Western Shelf.
A third possibility is that the EE and Streams C and D were the result of the merger of a satellite
brought in by the progenitor (mass ∼1011 M, Hammer et al. 2010, 2018, D’Souza & Bell 2018a,b)
of the GSS or a subsequent minor event. This would address why models of such a major merger
do not reproduce the EE or Streams C and D and why their properties, particularly the lack of strong
metallicity gradients, are more indicative of a smaller progenitor than a larger one (D’Souza & Bell
2018a).
I have shown that there is a possible association between the EE, the GSS and Streams B and Cr
based on their kinematics and metallicities. Further research is required to determine the particular
nature, shell or stream, and to provide more insights into the events that brought these exquisite
structures around M31 into being.
4.5 Conclusions
In this chapter I present the kinematics and photometry for ∼50 RGB stars in 7 fields across the EE.
These fields extend ∼4◦ on-sky along the length of the EE at radial distances 70 kpc ≤ R < 90 kpc
from the centre of M31. I also present a comparison of the properties of these stars with those in
Stream C and with ∼100 RGB stars in the GSS to determine whether or not there is an association
between these features. Here I summarise my key findings:
• The systemic velocities of fields in the EE lie in the range −368 km s−1 . v .−331 km s−1,
with a slight velocity gradient of −0.55±0.25 km s−1 kpc−1 across them.
• Metallicities along the EE lie in the range −1.0 . [Fe/H]phot . −0.7 with a
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Figure 4.11: Stellar surface density/metallicity map of M31 obtained from simulations by Fardal et al. (2008).
The top panel shows the mass surface density map 680 Myrs into the modelling run. The map is 160 kpc square
and the dotted line indicates the orientation of M31’s disk. The lower panel is a map of the metallicity as a
function of position (at 680 Myrs) with red indicative of the highest metallicities and light blue the lowest. The
boxes indicate areas used for other areas of analysis described in Fardal et al. (2008), from which both plots are
reproduced.
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<[Fe/H]phot> ∼-0.9 ± 0.4 and no discernible gradient across the fields.
• When I compare the results of the EE with neighbouring Streams Cr and Cp, I find strong
similarities between the properties of the EE and those of Stream Cr, plausibly linking the
two structures. However, I find that Stream Cp, and its associated globular cluster, EC4, have
distinctly different properties, indicative of separate structures.
• Similar comparisons with Streams B and D indicate there is a tentative association with Stream
B and the EE, but not with Stream D and the EE.
• I find a kinematic consistency between the EE and globular cluster HEC-13, however, without
additional, corroborating, information I have insufficient data to support an hypothesis that
these two features are related.
• When I compare my results to similar properties of the GSS I find them to be consistent such
that the EE could plausibly comprise stars stripped from the progenitor of the GSS.
• Further modelling is required to understand better the structure, shell or stream, of the EE and
Streams B and Cr to determine how they were formed.
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Chapter 5
Conclusions and Next Steps
5.1 Summary of thesis
In this thesis, I present the results from research into one dwarf spheroidal galaxy and two stellar
streams in the outer halo of M31. In Chapter 2 I present the kinematic and spectroscopic analysis of
38 red giant branch stars from 7 fields spanning And XXVII and NW-K1. I confirm secure members
for stellar populations belonging to both features defined by strong (≥ 1σ) association with a fiducial
isochrone and with the systemic velocity for And XXVII (see Table 2.5). My results lead me to con-
clude that the heliocentric distance for And XXVII is 827 ± 47 kpc (Richardson et al. 2011), a value
subsequently revised by Conn et al. (2012) to 1255 +42−474 kpc using the Tip of the RGB approach. How-
ever, their work also shows that the distance posterior distribution for And XXVII has a pronounced
second peak, indicative of an heliocentric distance of ∼800 kpc. Given this value is consistent with
the findings of Richardson et al. and Cusano et al. (2017) I believe the original heliocentric distance
to be the most likely.
My results also support the conclusion that And XXVII is in the process of being tidally stripped
by M31. I measured σv for And XXVII as ∼27 km s−1 which, while inconsistent with neighbouring
NW-K1 fields and many other dwarf galaxies in the Local Group, is consistent with expectations of a
dwarf galaxy in the throes of tidal disruption. In light of this finding, when I compare the kinematic
and spectroscopic properties of And XXVII and NW-K1, I see consistent properties in their stellar
populations with systemic velocities of -542.3+7.1−7.4 ≤ v / km s−1 ≤ -498.6 ± 5.3 and metallicities -1.5
≤ [Fe/H] ≤ -2.5. In addition I find a velocity gradient consistent with an infall trajectory towards
M31 across And XXVII and NW-K1. Taken together, this indicates that And XXVII and NW-K1 are,
potentially, elements of a single feature of which And XXVII may be the progenitor.
The final, and most unexpected, finding from this research indicates that the velocity gradients
from both NW-K1 and NW-K2 are indicative of infall trajectories towards M31. As both streams may
lie behind M31, this is difficult to reconcile with a single trajectory looping around M31. Therefore, I
conclude that it more likely that they are different streams, with NW-K1 associated with And XXVII
and NW-K2 not.
In Chapter 3 I build on the above work and present the first dynamical stream fits for NW-K1 along
with my predictions for the proper motions of streams NW-K1 and NW-K2. My analysis shows that
there are two potential solutions of the motion of NW-K1, one moving towards M31 with systemic
velocities increasing under the influence of M31’s gravitational potential and one moving away from
M31, with the systemic velocities decreasing as the stream resists the gravitational pull of M31. As
NW-K1 lies behind M31 and as the systemic velocities indicate it is moving towards both us and
M31, it is more likely that the stream is on an infall trajectory into M31.
The model for the orbit of And XXVII produces a good representation of the stream track for
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NW-K1. The model also produces radial velocities along the stream track that are a good match to
the systemic velocities derived for the observed fields. From these results I conclude that And XXVII
remains a plausible candidate for the progenitor of NW-K1. When I compare the model orbits for
NW-K1 and NW-K2 I find that, whether I model the NW-K1 orbit moving towards or away from
M31, there does not appear to be a connection between the two streams. I conclude that the two
streams are separate features and that the NW stream is not a single structure and recommend that
NW-K1 be renamed the “Andromeda XXVII Stream” and that NW-K2 retain the name the “North
West Stream”.
Finally, in Chapter 4, I present the kinematics and photometry for∼50 RGB stars in 7 fields across
the EE. These fields extend ∼4◦ on-sky along the length of the EE at radial distances 70 kpc ≤ R <
90 kpc from the centre of M31. I also present a comparison of the properties of these stars with those
in Stream C and with ∼100 RGB stars in the GSS to determine whether or not there is an association
between these features. I measure the systemic velocities of fields in the EE as -368 km s−1 . v
.-331 km s−1, with a slight velocity gradient of -0.55±0.25 km s−1 kpc−1 along its length. I also
find the range of metallicities along the EE to be -1.0. [Fe/H]phot . -0.7 with a <[Fe/H]phot>∼-0.9
± 0.4. I find no discernible metallicity gradient across the fields.
Comparing the results of the EE with neighbouring Streams Cr and Cp, I find strong similarities
between the properties of the EE and those of Stream Cr, plausibly linking the two structures. How-
ever, I find Stream Cp, and its associated globular cluster, EC4, have distinctly different properties,
indicative of a separate structure. Similar comparisons with Streams B and D indicate there is a ten-
tative association with Stream B and the EE, but not for Stream D and the EE. When I compare my
results to similar properties of the GSS I find them to be consistent such that the EE could plausibly
comprise stars stripped from the progenitor of the GSS. It would now seem that further modelling
is required to understand better the structure, shell or stream, of the EE and Streams B and Cr to
determine how they, and the GSS, were formed.
5.2 Next Steps
In the immediate future, ∼3-6 months, there are some key next steps to complete my research. The
first is to complete and publish the paper on the ”Nature of the Eastern Extent”. The first draft
(included here as Chapter 4) has already been circulated to an initial group of co-authors. For the
revised version, as well as incorporating their feedback, I will obtain heliocentric distances to the
fields along the EE using Tip of the Red Giant Branch techniques. I will then compare these with
distances along Stream C and the GSS, as reported by McConnachie et al. (2003) and Conn et al.
(2016), to see if this changes my conclusions about the nature of the EE and its relationship to the
surrounding features.
Further research is required for the stream track modelling work described in Chapter 3, including:
• Reliability of the derived NW-K1 stream coordinates. The stream is faint and may not be being
detected with sufficient accuracy (by the EMCEE algorithm) to determine the coordinates for
the centroids of the stream. So I will also fit the stream to more reliable estimates for the
stream track, such as the centres of the observed fields and/or stars from my confirmed stellar
populations for each field.
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• Complete the analysis for NW-K2. I will fit the best fit model orbit to the globular clusters
along NW-K2. In doing this I will assume that the globular clusters are kinematically and
spectroscopically similar to NW-K2 as has been assumed by Veljanoski et al. (2014), Kirihara
et al. (2017b) and Komiyama et al. (2018). This would provide a more robust comparison of the
two streams as I would be comparing like-with-like rather than comparing fitted streams with
stream models.
• Review the fitted orbits (and other high likelihood) models for both streams to see if any connect.
• Ascertain the plane of NW-K1 to see if it is consistent with And XXVII being a member of
M31’s plane of satellites.
There are also other avenues to explore that could also extend the content of this research including
fitting both NW-K1 and NW-K2 simultaneously to see if there are any plausible orbits that connect
the two and integrating the orbits over a longer time frame. The orbits here are developed with 0.5
Gyr lookback and forward times. Running the models for a longer time period (e.g. 1 Gyr) might
include a time when the two streams were more closely associated. I also have access to kinematic
data from observed fields along NW-K2. This could be analysed to confirm the currently assumed
association between NW-K2 and the co-located globular clusters, confirm the velocity gradient along
this stream and be used in the stream fitting process for NW-K2.
5.3 Future Work
A great deal of work has been and continues to be done to increase our understanding of the stellar
structures that surround M31 and the MW (such as the Dark Energy Survey (DES, Abbott et al. 2005,
Shipp et al. 2018), PAndAS (McConnachie et al. 2009), the Sloan Digital Sky Survey (SDSS, Ahn
et al. 2014), the Pan-STARRS1 3pi Survey (PS1, Bernard et al. 2016) and the ESA/Gaia survey (The
Gaia Collaboration. 2016). To place this in a wider context, we need to ensure that the resultant
theories are applicable to more than just M31 and the MW. We need to broaden our horizons to look
further into the Local Group and beyond to see if our hypotheses hold true for other galaxies.
The “Stellar Tidal Stream Survey” (Martı´nez-Delgado et al. 2010; Martı´nez-Delgado 2018) has
already built up an extensive sample of neighbouring galaxies that are surrounded by spectacular stel-
lar streams such as those shown in Figure 5.1 which include: a possible Sagittarius-like stream in
Messier 63; giant plumes around NGC 1084; potentially tidally disrupted satellites in NGC 4216;
tidal debris in NGC 4651; a stellar cloud in NGC 7531; diffuse features around NGC 3521, promi-
nent structures emanating from NGC 5866 and debris around NGC 1055. Conducted using small
telescopes (0.1 - 0.8 metres) located in Chile, Europe and the United States, the survey subjected each
target galaxy to multiple deep exposures using luminance filters (4000A˚< λ < 7000A˚) over a seven
to eight hour period. The data obtained has already discovered in excess of 50 stellar structures, of
varying morphologies, entwined around galaxies at heliocentric distances ∼80 Mpc. Over the next
2-3 years I will be involved in the continuing work to model these exquisite structures to determine
how they formed and the nature of their progenitors and host galaxies. This will contribute to deter-
mining which of these galaxies are worthy of further kinematic and spectroscopic analysis as well as
contributing to refining our understanding of galactic formation and evolution.
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Figure 5.1: Stellar Tidal Streams Survey Images showing (a) a possible Sgr-like stream in Messier 63, (b)
giant plumes around NGC 1084, (c) partial tidally disrupted satellites in NGC 4216, (d) an umbrella-shaped
tidal debris structure in NGC 4651, (e) an enormous stellar cloud in NGC 7531; (f) diffuse, large-scale and more
coherent features around NGC 3521, (g) a prominent spike and giant wedge-shaped structure seen emanating
from NGC 5866 (BBO 0.5 m), (h) a strange inner halo in NGC 1055, sprinkled with several spikes of debris. A
colour inset of the disk of each galaxy (obtained from data from the same telescope as the luminance images)
has been over plotted for reference purposes. Image and caption from Martı´nez-Delgado (2018).
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Appendix A
Satellites of Andromeda
A.1 Andromeda’s Satellites
The key properties of Andromeda’s satellite galaxies are summarised in Table 1.2. The ensuing
section provides a brief outline of each of them individually. The final section of this appendix
includes a short outline on the plane of satellites, thought to include almost half of the dwarf galaxies
around M31.
Andromeda I
Discovered in 1972 by Canadian astronomer van den Bergh, And I is one of M31’s brightest dSph
satellites with LV , = 4.5 x 106 L. And I is co-located on the sky with the GSS although it is ∼100
kpc behind it. With DM31 = 58 kpc, And I is one of the closest of M31’s satellite to its parent and
exhibits a morphology indicative of tidal disruption (Tollerud et al. 2012). Other kinematic properties,
such as distance modulus, the dark matter content, metallicity and morphology, mass profile and star
formation history were determined by McConnachie et al. (2004a, 2005); McConnachie & Irwin
(2006), Kalirai et al. (2010), Collins et al. (2013b), Martin et al. (2016), Skillman et al. (2017) and
Hayashi et al. (2017). Their findings are included in Table 1.2. In 2017 Caldwell et al. reported
that there was a globular cluster associated with And I, making it one of the lowest luminosity dwarf
galaxies to host such an object.
Andromeda II
Also discovered by van den Bergh in 1972, And II lies ∼185 kpc from M31. It is very luminous,
V-band luminosity = 9.4 x 106 L, and massive, M = 11 x 107 M. These results, reported by
Ho et al. (2012), led them to conclude that And II’s dark matter content was on a par with it stellar
component. Ho et al. also discovered And II to be one of the few dwarf galaxies with prolate rotation,
making it unique among the M31 satellites. In 2014 Amorisco et al. detected a stellar stream in And
II which they attributed to a major merger between two dwarf galaxies and could have caused the
prolate rotation. This hypothesis was subsequently modelled successfully by Fouquet et al. (2016).
The prolate rotation of And II was revisited in 2018 by Ebrova´ et al. who concluded that it could arise
from tidal stirring.
Prior work by McConnachie et al. (2007) found And II comprised two distinctly different stellar
populations, a relatively young, ∼ 7-10 Gyr, metal rich, [Fe/H] ∼-1, spatially compact population
and a much older, ∼13 Gyrs, metal-poor, [Fe/H] ∼-1.5, spatially extended one. Other kinematic and
spectroscopic properties, determined by: McConnachie et al. (2004a), McConnachie & Irwin (2006),
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Kalirai et al. (2010), Collins et al. (2013b), Ho et al. (2015), are included in Table 1.2. And II’s star
formation history was explored by Skillman et al. (2017) and del Pino et al. (2017) who concurred
with the view that And II formed as the result of a merger around redshift z ∼1.75.
Andromeda III
Another van den Bergh (1972) discovery, And III was extensively investigated by McConnachie et al.
(2005); McConnachie & Irwin (2006), Kalirai et al. (2010), Tollerud et al. (2012), Collins et al.
(2013b) and Skillman et al. (2017) to determine its kinematic and spectroscopic properties (see Table
1.2) including its luminosity, LV = 1.0 x 106 L, mass of 8.6 ± 4.8 x 106 M and location ∼68 kpc
from M31.
Andromeda IV
Following its discovery in 1972 by van den Bergh, it was not until 2000 that Ferguson et al. found
evidence that And IV was not a star cluster but a small dwarf galaxy with an extent of∼1.3 kpc located
at an heliocentric distance of ∼6.7 ± 1.5 Mpc. Comparing the properties of And IV with IC1612 and
Sextans A, Ferguson et al. concluded that And IV, with a surface brightness Σv,0 = ∼24, very blue
colour, V-I∼0.6, low metallicity ∼10% solar (determined using gas phase analysis techniques) and
star formation rate (∼0.001 M yr−1) could be a low mass dwarf Irregular (dIrr) galaxy.
Ferguson et al. also questioned whether And IV was associated with M31 or not. Their research
indicated some 14 other galaxies within range of its location, including IC 1727, NGC 784 and UGC
64 and led them to conclude that And IV may be better characterised as being associated with these
other low-luminosity galaxies rather than a satellite of M31. Pustilnik et al. (2008) followed up on
this and designated And IV an eXtremely Metal-Deficient (XMD), Low Surface Brightness (LSB)
dwarf galaxy. In 2015 Karachentsev et al. determined a heliocentric distance of 7.17± 0.31 Mpc and
a total mass-to-blue luminosity ratio of 162 M/ L making And IV one of the darkest dIrr galaxies
known.
Andromeda V
And V was discovered by Armandroff et al. (1999) and Karachentsev & Karachentseva (1999),
who named it the Pegasus dSph. In 2012, using data from the SPLASH survey, Tollerud et al.
(2012) reported And V had a luminosity LV = 5.9 x 10 5 L and was located ∼110 kpc from M31.
Other investigations of the kinematic and spectroscopic properties of And V have been conducted
by Guhathakurta et al. (2000), McConnachie et al. (2005); Martin et al. (2016), Kalirai et al. (2010),
Collins et al. (2011b) with their findings incorporated into Table 1.2.
Andromeda VI
And VI, located ∼269 kpc from the centre of M31, was discovered by Armandroff et al. (1999).
Other investigations of the kinematic and spectroscopic properties of And V have been conducted
by McConnachie et al. (2005); McConnachie & Irwin (2006) and Collins et al. (2011b) with their
findings incorporated into Table 1.2.
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Andromeda VII
And VII was discovered, and named the Cassiopeia dSph, by Karachentsev & Karachentseva (1999).
Tollerud et al. (2012) found it to be one of the most luminous of the M31 satellites, LV = 1.8 x
107 L. Other work into the kinematic and spectroscopic properties of And VII was undertaken by:
McConnachie et al. (2005); McConnachie & Irwin (2006), Kalirai et al. (2010), Collins et al. (2013b)
and Ho et al. (2015) with their findings incorporated into Table 1.2.
Andromeda VIII
Discovered by Morrison et al. (2003), And VIII has an unusually elongated shape for a dwarf galaxy.
Morrison et al. determined And VIII contained 5-12 planetary nebulae (PNe), 1-3 globular clusters
and 2 HI clouds. They also noted that And VIII has a luminosity of 1.2 - 2.4 x 108 L, and a
central surface brightness = 24 mag arcsec−2, both of which are unremarkable for Local Group dwarf
galaxies. Later analysis of And VIII by Merrett et al. (2006) concluded that the PNe were more likely
to be associated with M31 itself. Their findings also led them to conclude that And VIII was not a
dwarf galaxy at all, which appears to be the final word on And VIII, as it no longer appears to be
considered a satellite of M31.
Andromeda IX
And IX was discovered by Zucker et al. (2004). Independent analyses by McConnachie et al. (2005),
Chapman et al. (2005), Tollerud et al. (2012), Collins et al. (2010, 2013b), Martin et al. (2016) and
Martin et al. (2017) determined the kinematic and spectroscopic properties of And IX (see Table 1.2)
as well as finding it to be one M31’s faintest dSphs with a surface brightness of Σv ' 26.8 mag
arcsec−2 and a luminosity of LV = 1.5 x 105 L. And IX lies ∼37 kpc projected from M31.
Andromeda X
Discovered by Belokurov et al. (2007), photometric analysis of And X by Brasseur et al. (2011)
found it to have DM31 = 174± 62 kpc and an ellipicity of  = 0.48± 0.06 indicating that it was highly
elongated. Further work on the kinematic and spectroscopic properties of And X was conducted by
Kalirai et al. (2010), Tollerud et al. (2012), who reported that And X had a luminosity of LV = 7.5 x
104 L. Other properties of And X are shown in Table 1.2.
Andromeda XI
Following the discovery of And XI by Martin et al. (2006), Collins et al. (2010) undertook a spectro-
scopic analysis that found that And XI has a total luminosity of 4.9+0.4−0.2 x 10
4 L; surface brightness
of Σv = 27.35 mag/arcsec2 and a mass < 7.4 x 106 M. Later work by Tollerud et al. (2012) found
And XI to have DM31 ∼102 kpc projected.
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Andromeda XII
Discovered by Martin et al. (2006), a spectroscopic analysis of And XII was undertaken by Collins
et al. (2010) who found And XII to have a luminosity = 3.1+0.2−0.1 x 10
4 L, a half light radius of 289+67−49
pc and a mass of 1.7+3.3−1.7 x 10
6 M. Tollerud et al. (2012) reported that And XII is located ∼95 kpc
from M31.
Andromeda XIII
Also discovered by Martin et al. (2006) and the subject of a spectroscopic analysis by Collins et al.
(2010), And XIII has a luminosity of 4.1+0.1−0.2 x 10
4 L, a mass = 3.4+4.4−2.2 x 10
6 M and a mass to light
ratio (M/L) = 8211065−538 M/ L. This, the authors concluded, indicated that And XIII is dominated
by dark matter. Later research by Tollerud et al. (2012) found And XIII lies at DM31 = ∼116 kpc
projected.
Andromeda XIV
Discovered by Majewski et al. (2007), Tollerud et al. (2012) reported And XIV as having LV = 2.1 x
105 L. Building on work by Kalirai et al. (2010), Tollerud et al. concluded that, due to its unusually
large velocity relative to M31 (∼200 km s−1) and it’s distance from M31 (160 kpc projected), And
XIV was an unbound system that may or may not be associated with M31.
Andromeda XV
Discovered by Ibata et al. (2007), And XV is located to the south of M31 at a projected distance ∼93
kpc (Letarte et al. 2009). These authors also found And XV to be located close to the minor axis of
M31, indicating that its orbit could be almost polar. Ensuing work by Tollerud et al. (2012) concurred
with Letarte et al. and found that And XV was an isolated dSph that may have had many of its stars
tidally stripped away.
Andromeda XVI
And XVI was discovered by Ibata et al. (2007). Ensuing work by Letarte et al. (2009) reported that
And XVI is located to the south of M31 at projected distance ∼130 kpc. Tollerud et al. (2012) noted
that And XVI has a luminosity, LV = 4.1 x 105 L. More recently, Monelli et al. (2016) analysed the
star formation history of And XVI finding it likely that the dSph has had three star formation periods
∼ 13.5 Gyrs, 10-12 Gyrs and 6-8 Gyrs ago. They consider And XVI to have formed and evolved
in a low-density environment which would favour a prolonged period of star formation which was
terminated when And XVI entered the Local Group.
Andromeda XVII
Discovered by Irwin et al. (2008). Work by Brasseur et al. (2011) and Collins et al. (2013a) found
And XVII was located at a projected distance of ∼40 kpc to the northwest of Andromeda. They
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described And XVII as a faint, compact dSph galaxy.
Andromeda XVIII
Discovered by Majewski et al. (2007), work by Tollerud et al. (2012) noted And XVIII was fairly
bright with LV = 6.3 x 105 L, located well outside the M31 system (DM31 = ∼113 kpc projected)
and at the very outskirts of the Local Group.
Andromeda XIX
Discovered by Ibata et al. (2007) And XIX was first described as an extended, diffuse, low surface
brightness (Σv,0 = 30.2 mag arcsec−2), tidally disrupted dSph galaxy. Collins et al. (2013b, 2019)
analysed the kinematics of And XIX and found And XIX’s [M/L]half (278+146−198 M/ L) was higher
than other galaxies with similar stellar masses and concluded that And XIX could be a local analogy
for Ultra Diffuse Galaxies. They also reported that, despite evidence of tidal disruption, And XIX
was not associated with a nearby stellar stream.
Andromeda XX
Discovered by McConnachie et al. (2008) follow up work by Collins et al. (2013a) found And XX to
be one of the faintest of the M31 satellites, Mv = -6.3, lying DM31 = ∼130 kpc from M31.
Andromeda XXI
Using data from the first year of the PAndAS Martin et al. (2009) announced the discovery of And
XXI finding, in addition to it’s kinematic properties, that it has: LV = 7.8 ± 1.9 x 105 L and a low
surface brightness of 27.0± 0.4 mag arcsec−2. Its half-light radius makes it the third or fourth largest
dSph in the Local Group in line with And XIX, And II, and Sagittarius in the MW. Work by Cusano
et al. (2015) found ∼50 variable stars in And XXI along with evidence of three stellar populations
(1) old, ∼12 Gyrs, and metal poor, [Fe/H] ∼ -1.7, (2) intermediate age, 10-6 Gyrs old, with [Fe/H] ∼
-1.5 and (3) young, ∼1 Gyrs old, with [Fe/H] ∼ -1.5. This led them to conclude that And XXI was
the product of a merger involving two galaxies.
Andromeda XXII
The discovery of And XXII was announced by Martin et al. (2009) who, in addition to determining
various properties including its luminosity, LV , = 2.6 x 104 L, questioned if And XXII was a satellite
of M31 or M33. This hypothesis was discussed by Tollerud et al. (2012), Chapman et al. (2013) and
Collins et al. (2013a), all of whom concluded that it was plausible that And XXII could be a satellite
of M33.
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Andromeda XXIII
As Richardson et al. (2011) noted when they announced its discovery, And XXIII has a half-light
radius of rh = 1035 pc, making it one of the largest of M31’s satellites and almost twice the size of
the largest MW dSph satellite, Fornax (rh = 636 pc). Building on this work, Collins et al. (2013a)
suggested that And XXIII was close to the apocentre of its orbit, possibly on a trajectory back towards
M31.
Andromeda XXIV
Recording the discovery of And XXIV, Richardson et al. (2011) noted that it had a small half-light
radius, rh = 357 pc, was relatively faint and appeared to be sparsely populated. Later work by Collins
et al. (2013a) determined the kinematics recorded in Table 1.2.
Andromeda XXV
Identified by Richardson et al. (2011) as having rh = 642+47−74 pc, And XXV is located at a projected
distance of∼90 kpc to the northwest of M31. It has a high central surface brightness, Σv,0 = 27.1 mag
arcsec−2. Collins et al. (2013a) noted that And XXV had an usually low velocity dispersion for a dSph
of its size. Collins et al. also found And XXV to have a [M/L]half = 10.3+7.0−6.7 M/ L indicating that
it has little or no dark matter content. Cusano et al. (2016) discovered ∼62 variable stars, including
57 RR Lyrae stars, as well as a high density cluster of stars near the centre of the galaxy. It is yet to
be determined if this is a star cluster or the galactic nucleus.
Andromeda XXVI
Announcing the discovery of And XXVI, located to the northwest of M31, Richardson et al. (2011)
noted that it is relatively faint and appears to be sparsely populated. Conn et al. (2012) and Collins
et al. (2013a) investigated the distances and kinematic properties of And XXVI, the results of which
are represented in Table 1.2.
Andromeda XXVII
And XXVII was discovered by Richardson et al. (2011) who suspected that it was in the process of
being tidally disrupted by M31 and could be the progenitor of the North West Stream. Both views
were supported in recent work by Preston et al. (2019), with the caveat that the North West Stream is
unlikely to be a single structure but And XXVII could be the progenitor of the K1 stream (see Figure
1.4). And XXVII is discussed in more detail in Chapters 2 and 3.
Andromeda XXVIII
And XXVIII was discovered by Slater et al. (2011) who reported that it was one of the satellites
furthest away from M31, DM31 = 365+17−1 kpc. Slater et al. also questioned the designation of And
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XXVIII, suggesting that, as it was actually located in the constellation of Pegasus, it should be iden-
tified as Pegasus II. Having said that, they noted that And XXVIII’s properties were more in-keeping
with it being a satellite of M31 and so concluded the name, And XXVIII, was valid. Slater et al. also
suggested that, because of its large M31-centric distance, And XXVIII may not have had interactions
with other galaxies in the Andromedean system and could be a dIrr galaxy.
Further analysis of And XXVIII came two years later when Collins et al. (2013a) returned to
the original SDSS photometry and complemented it with their own data from Keck/DEIMOS to
determine the kinematics shown in Table 1.2 which they noted were consistent with work done by
Tollerud et al. (2012). Tollerud et al. (2013) updated their analysis of And XXVIII and concluded that
it was dark matter dominated and, despite the large DM31, was a bound M31 satellite. In 2015, Slater
et al. returned to And XXVIII and found it comprised an old ∼12 Gyrs, metal-poor, [Fe/H] ∼-1.8,
stellar population with no sign of recent star formation.
Andromeda XXIX
The discovery of And XXIX was announced by Bell et al. (2011) who recorded it as a dSph galaxy
located ∼15◦ from M31 with an ellipticity = 0.35 ± 0.06. As with And XXVIII, Tollerud et al.
(2013) updated their analysis of And XXIX reporting the kinematic properties shown in Table 1.2.
They concluded that And XXIX was also a dark matter dominated dwarf galaxy and a bound satellite
of M31.
Andromeda XXX/Cassiopeia II
And XXX, also known as Cass II due it overlapping the constellation Cassiopeia, was discovered
using PAndAS survey data. It lies to the northwest of Andromeda, within 60 kpc of the two dEs
NGC 147 and NGC 185. In their paper, published shortly after the discovery, Collins et al. (2013a)
compared the systemic velocity of And XXX with the two dE’s (i.e. NGC147 v = -193 ± 3 km s−1
and NGC 185 v = -210±7 km s−1, Mateo 1998), and concluded that there was a plausible association
between these three M31 satellites, a view supported in subsequent work by Martin et al. (2016) and
Arias et al. (2016).
Andromeda XXXI (Lacerta I), And XXXII (Cassiopeia III), And XXXIII (Perseus I)
Martin et al. (2013a,c), using data from the Pan-STARRS1 survey of the northern sky, discovered
three new satellites of Andromeda i.e. Lacerta I (aka And XXXI), Cassiopeia III (aka And XXXII)
and Perseus I (aka And XXXIII), which they followed up with an spectroscopic analysis of each
individually (Martin et al. 2014b). They noted that all the derived properties are consistent with other
M31 and Local Group satellite galaxies.
Rhode et al. (2017) found And XXXI to be a gas poor dSph galaxy with a central surface bright-
ness of µ0 = 24.8 ± 0.3 mag arcsec−2 located at a distance ∼264 kpc from M31.
And XXXII was identified as being located on M31’s plane of galaxies (Martin et al. 2013a) see
Section A.2, albeit moving counter to the rest of the M31 satellites on the plane.
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NGC 147 and NGC 185
NGC 185 was discovered by William Herschel in 1787. Some 40 years later, in 1829, his son John
Herschel discovered NGC 147. It was not until 1944 that NGC 147 and NGC 185 were the subjects
of work of Baade (1944) who recognised them as members of the Local Group and recorded their
absolute magnitudes (see Table 1.2). Both galaxies are classified as satellites of M31 despite being
located in the constellation of Cassiopeia.
NGC 147 and NCG 185 have long been recognised as forming a stable binary system (van den
Bergh 1998 and Javanmardi et al. 2015) and, as mentioned above, Collins et al. (2013a), Martin et al.
(2016) and Arias et al. (2016) found that they could also be associated with And XXX. Work by
McConnachie et al. (2005), Davidge (2005), Geha et al. (2010, 2015) and Ho et al. (2015) found,
in addition to determining the heliocentric distances and kinematic and spectroscopic properties of
the two galaxies, evidence that NGC185 comprised 3 distinct stellar populations while NGC 147 had
an unusual lack of Population I stars. Other differences between the two galaxies emerged in work
by McConnachie et al. (2009), Ibata et al. (2014a) and Crnojevic et al. (2014) who concluded that
NGC 147 has a tidal stream and has likely been disrupted by close proximity to M31, while NGC 185
shows no sign of tidal disruption. In 2013 Veljanoski et al. discovered 3 globular clusters associated
with NGC 147 and one with NGC 185.
Andromeda NGC 205
The dE NGC 205, located .9 kpc from the centre of M31, was discovered by Caroline Herschel in
1783. Analysis of NGC 205 by McConnachie et al. (2004c) reported that it exhibited signs of tidal
interaction with its parent. Contemporaneously, Valluri et al. (2005) compared dynamical models
with observational data in an attempt to constrain the mass of a black hole at the centre of NGC 205,
which they found to be 2.2 x 104 M ≤ MBH ≤ 3.8 x 104 M. Despite these results, the presence
or absence of a black hole at the heart of NGC 205 remains inconclusive. In 2012, Angus et al. put
forward the idea that M31’s plane of satellites was formed by the break up of a sub-halo group - at
the centre of which was NGC 205 - during a close interaction with M31.
M32
Messier 32, a dE satellite galaxy, was discovered by Guillaume Le Gentil in 1749. In 2001, Bekki
et al. classified M32 as a compact elliptical (cE) galaxy. Noting that cEs are rare, they ran simulations
to determine how M32 was formed, concluding that it was possible for tidal disruption by a strong
potential, like that of M31, to result in the conversion of a spiral galaxy into a cE. This is interesting
in light of work done by Howley et al. (2013) who found evidence that M32 has a dark halo but
nothing to support a tidal interaction with M31. Earlier work by Tonry (1984) and Bender et al.
(1996) reported the discovery of a black hole at the centre of M32.
M33
M33 was discovered by Charles Messier in 1764 and appeared in his astronomical catalogue in 1774
(Messier 1774). It is the third largest galaxy in the Local Group and is classified as an SA(s)cd type
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galaxy, using the de Vaucouleurs system (de Vaucouleurs 1963). This defines its morphology as a
spiral (S) galaxy without a central bar (A) where the spiral arms emanate from the galactic nucleus
((s)) and are not tightly bound (cd). McConnachie et al. (2004b) used the Tip of the Red Giant Branch
method to determine the heliocentric distance of M33, which at 794 kpc, was in good agreement
with its distance as determined using Cepheids (∼800 kpc). Work by Ferguson et al. (2007) found
no evidence of substructure in the outer regions of M33 which led them to conclude that M33 had
evolved in a relatively isolated environment. Three years later, McConnachie et al. (2010) found
that there was a significant stellar structure extending out to a projected radius of ∼40 kpc from the
centre of M33 to the north-west and south-east, leading them to conclude that M33 was being tidally
disrupted by M31. This finding was reinforced by the work of van der Marel et al. (2019) whose
analysis of the proper motions of M33 from Gaia data, led them to conclude that M33 could be on
its first infall into M31. Work by Keenan et al. (2016) investigated the HI gas clouds in the region of
M33, many of which are undetectable in the optical. One of these clouds was found to exhibit similar
properties to those of M33 and to have a mass of∼107 M and a diameter∼ 18 kpc, making it larger
than the dwarf galaxy itself.
IC10
Discovered by Lewis Swift in 1888, IC 10 is the only starburst galaxy (i.e. it has an unusually high
star formation rate) in the Local Group (McConnachie 2012). Shostak & Skillman (1989) reported
findings that IC 10 was either colliding with an intergalactic cloud of HI gas or that its internal HI
envelope was collapsing. Subsequent work by Sanna et al. (2010) obtained similar results and added
that it was likely that IC 10 was still in the process of forming by accreting the HI gas. Kinematics
and photometric properties of IC 10 were determined by Wilcots & Miller (1998), who supported the
conclusions that galaxy was associated with the co-located HI cloud.
LGS 3
LGS 3 was discovered by Valentina Karachentseva in 1976. It is located in the constellation of Pisces
and is thought to be in transition between a dIrr and a dSph galaxy (McConnachie et al. 2005).
Pegasus dIrr
A. G. Wilson discovered the Pegasus dIrr in 1958. Subsequent analysis has determined that it has a
young intermediate age stellar population (McConnachie et al. 2005).
A.2 Andromeda’s Plane of Satellites
Ibata et al. (2013) announced that, counter to predictions from the ΛCDM paradigm that satellite
galaxies should be randomly distributed about their host, some 15 of Andromeda’s satellites exhibited
similar orbital properties and angular momentum and were co-rotating about their parent galaxy in a
“vast thin plane” (root-mean-square thickness = 12.6 ± 0.6 kpc). They found the plane was centred
on M31 with the satellite galaxies distributed along it in a great circle configuration, see Figure A.1.
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Figure A.1: Aitoff-Hammer projection of the M31 plane of satellites as it might appear from the galaxy itself.
M31’s disk is aligned with the equator of the projection. The red circles represent satellites considered to belong
on the Plane of Satellites, which is indicated by the red line. The blue circles represent off-plane satellites and
the yellow circle indicates the position of the MW. Figure reproduced from Ibata et al. (2013).
Further analysis found that the satellites to the south of M31 were moving towards the MW while the
northern satellites were receding from it.
Building on this discovery, Conn et al. (2013) further analysed the spatial structure of the An-
dromeda satellites, concurring with Ibata et al., and finding the plane to be closely aligned to the GSS.
This led them to postulate that both features could have been created by the same event.
Further work by Ibata et al. (2014b) reported that, while planes of satellite galaxies had been found
to occur by chance in ΛCDM simulations, radially extended, thin planes, such as M31’s, were unlikely
to be a chance occurrence. This plane, they conclude, is more plausibly the result of a major accretion
event. Shaya & Tully (2013) found additional planar structures in the Local Group, including a second
plane around M31 that included nine of M31s satellites (And II, V, IX, X, XV, XVI, XVII, XVIII and
XIV). More recently, Santos-Santos et al. (2019) found the second plane, which lies perpendicular to
the first plane, included additional satellites (And I, III, XI, XIV, XVII, XXVI, XXXII, IC10 and LGS
3) that lie at the intersection of the two planes and could be on both.
Collins et al. (2015) analysed the two satellite populations, i.e. on-plane and off-plane and found
there was no difference, kinematically and spectroscopically, in their formation histories.
Smith et al. (2016) modelled the scenario of an accretion event where the merging galaxy has its
own population of satellites. Their simulations showed that thin (∼10 - 40 kpc) planes of satellites
with large diameters, ∼150 kpc, could be formed and were able to exist for up to 3 Gyrs. This is
consistent with work by: Fernando et al. (2017a), who estimate that the plane is unlikely to be older
than ∼ 4 Gyrs; Fernando et al. (2017b), who found that the life span of planes could be shortened by
dark matter sub halos and with work by Sanders & Evans (2017), who concluded that the M31 plane
formed from a recent accretion.
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Properties of field stars for And XXVII and
NW-K1
Table B.1: The table below contains the details of the observed stars from the fields across the centre of
And XXVII and along NW-K1 (see Table 2.2) with velocities in the range −650 ≤ v ( km s−1) ≤ 50 and
verr ( km s−1) ≤ 20. The data includes: (1) Field name and star number; (2) Right Ascension in J2000; (3)
Declination in J2000; (4) i-band magnitude; (5) g-band magnitude; (6) S/N (A˚−1) and (7) line of sight helio-
centric velocity, v ( km s−1)
Field/Star α δ i g S/N v
And XXVII
7And27
4 00:37:34.77 +45:22:54.6 22.7 21.3 4.8 −106.9 ± 7.3
5 00:37:18.84 +45:23:19.3 23.3 22.1 2.5 −463.2 ± 4.8
6 00:37:19.75 +45:23:51.8 22.8 21.4 4.7 −539.6 ± 4.0
7 00:37:19.82 +45:24:17.8 23.0 21.6 3.9 −476.1 ± 6.4
8 00:37:30.75 +45:24:30.7 22.7 20.8 9.1 −107.5 ± 4.8
9 00:37:28.02 +45:21:19.3 23.9 22.2 2.2 −763.8 ± 18.6
10 00:37:21.16 +45:21:23.1 22.8 21.0 5.7 −130.9 ± 7.1
11 00:37:19.24 +45:21:36.4 23.1 21.8 3.1 −563.1 ± 4.1
13 00:37:37.49 +45:23:49.7 23.7 21.9 3.1 −297.2 ± 16.2
14 00:37:11.65 +45:23:58.5 23.0 20.9 6.3 −96.8 ± 16.6
15 00:37:19.78 +45:24:29.2 22.3 20.7 7.0 −58.8 ± 4.2
16 00:37:17.38 +45:24:32.5 23.0 21.2 5.9 −61.2 ± 9.2
17 00:37:36.80 +45:24:53.6 22.8 21.3 4.7 −165.8 ± 10.7
18 00:37:34.32 +45:25:04.5 23.1 21.6 4.2 −307.3 ± 5.0
19 00:37:33.79 +45:25:18.9 23.6 22.4 2.2 −539.2 ± 9.6
20 00:37:41.84 +45:25:27.9 23.5 22.0 2.7 −544.7 ± 5.2
21 00:37:27.01 +45:25:30.4 22.7 20.7 9.1 −31.2 ± 8.6
22 00:37:12.52 +45:18:35.1 22.7 20.8 6.7 −77.4 ± 6.8
23 00:37:04.45 +45:20:11.3 23.8 22.2 1.1 162.3 ± 22.0
25 00:37:13.80 +45:20:26.9 23.5 21.5 4.3 −58.1 ± 10.3
27 00:37:01.64 +45:22:26.6 22.9 21.3 8.2 333.6 ± 46.6
29 00:37:53.16 +45:26:05.2 23.2 21.4 4.7 −75.1 ± 12.3
Continued on next page
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31 00:37:36.90 +45:27:06.8 23.3 21.8 3.5 −533.3 ± 5.3
32 00:37:43.68 +45:27:11.3 23.0 21.3 5.3 −533.5 ± 3.2
34 00:37:33.55 +45:28:04.1 22.9 21.4 2.4 −34.3 ± 12.9
35 00:37:00.89 +45:18:19.0 24.3 23.4 1.0 −725.5 ± 14.6
36 00:37:51.77 +45:27:37.9 24.3 23.2 0.8 −3.4 ± 20.4
39 00:37:52.65 +45:28:47.0 24.3 23.4 0.6 563.7 ± 10.7
42 00:37:09.03 +45:21:48.7 24.2 23.0 1.5 −216.4 ± 11.9
46 00:37:07.86 +45:22:50.5 23.8 22.6 2.0 −579.1 ± 15.6
47 00:37:22.15 +45:23:04.4 24.2 23.1 1.3 −469.7 ± 20.6
48 00:37:12.35 +45:23:11.8 24.2 23.2 1.1 1070.7 ± 12.8
49 00:37:22.60 +45:23:12.5 24.0 23.1 0.8 −75.0 ± 7.5
50 00:37:25.93 +45:23:28.8 24.3 23.3 0.3 720.8 ± 33.6
54 00:37:21.21 +45:24:25.2 24.1 23.2 1.5 −499.5 ± 11.4
55 00:37:19.59 +45:24:37.5 24.2 23.2 0.8 −480.4 ± 4.0
56 00:37:27.17 +45:26:08.1 24.5 23.4 1.1 −581.0 ± 48.5
58 00:37:02.74 +45:18:04.8 23.7 21.4 8.9 −103.0 ± 8.2
59 00:37:08.24 +45:18:24.7 22.1 21.2 6.0 −158.4 ± 11.5
60 00:37:05.44 +45:18:26.1 24.1 22.3 2.6 −43.2 ± 29.2
61 00:36:59.15 +45:18:27.4 21.7 21.2 5.6 −179.1 ± 11.5
64 00:36:58.42 +45:19:28.0 22.5 21.3 6.0 −151.6 ± 18.3
67 00:37:19.07 +45:19:54.5 24.7 21.9 3.4 −103.6 ± 6.6
68 00:37:07.12 +45:20:20.1 22.1 21.5 4.3 −158.4 ± 5.3
69 00:37:08.11 +45:21:04.8 23.7 21.5 5.0 −84.4 ± 6.0
70 00:36:59.79 +45:21:12.9 24.2 20.9 10.3 −41.6 ± 6.5
71 00:37:26.96 +45:21:14.8 21.3 20.5 6.9 −133.9 ± 6.4
72 00:37:15.91 +45:21:23.2 23.9 21.8 3.8 −108.7 ± 14.2
76 00:37:30.39 +45:21:53.7 22.9 21.4 3.7 −122.2 ± 12.2
77 00:37:08.09 +45:22:07.0 24.5 21.4 7.7 −85.3 ± 5.0
81 00:37:16.60 +45:22:41.6 23.9 21.2 6.7 14.4 ± 6.5
82 00:37:20.63 +45:22:43.2 22.0 20.5 7.3 −134.4 ± 3.4
83 00:37:36.13 +45:22:46.6 23.8 21.4 4.8 −21.9 ± 4.4
88 00:37:23.11 +45:23:19.8 22.4 21.0 5.4 −94.9 ± 11.6
89 00:37:29.94 +45:23:26.6 24.1 21.2 6.5 −64.6 ± 11.1
91 00:37:23.97 +45:23:38.4 24.5 22.3 2.7 −68.9 ± 7.0
92 00:37:14.55 +45:23:55.6 21.7 20.7 7.7 −97.7 ± 6.8
93 00:37:07.14 +45:23:58.3 21.8 20.6 7.2 −62.7 ± 5.4
94 00:37:27.59 +45:24:00.9 20.8 20.5 8.0 −95.0 ± 10.7
95 00:37:17.19 +45:24:01.3 21.0 21.0 6.0 −317.1 ± 7.8
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96 00:37:15.15 +45:24:04.4 24.3 21.6 5.3 −46.5 ± 10.4
97 00:37:29.51 +45:24:15.4 25.4 22.5 2.2 −68.8 ± 16.2
100 00:37:36.89 +45:25:14.0 23.8 21.4 5.2 −69.2 ± 10.4
101 00:37:50.04 +45:25:14.9 23.2 20.8 6.6 −98.0 ± 6.6
102 00:37:29.94 +45:25:23.3 23.0 20.5 9.8 −11.8 ± 4.4
105 00:37:36.06 +45:25:33.9 24.3 21.7 4.8 −88.0 ± 7.5
107 00:37:48.26 +45:25:49.7 25.2 22.2 3.6 −44.8 ± 25.1
108 00:37:41.09 +45:25:52.9 21.7 20.4 10.7 −143.4 ± 7.0
110 00:37:39.63 +45:26:26.3 24.1 21.8 4.5 −47.6 ± 7.3
112 00:37:53.20 +45:26:51.4 23.4 21.1 7.0 −148.6 ± 4.4
114 00:37:42.56 +45:27:09.8 23.7 21.6 5.1 −108.1 ± 9.0
118 00:37:40.05 +45:27:40.5 24.9 22.3 2.9 −82.8 ± 22.4
119 00:38:04.64 +45:27:44.1 21.6 20.8 6.4 −162.8 ± 3.4
120 00:38:03.81 +45:27:44.8 23.5 20.8 8.1 −114.5 ± 4.2
121 00:37:34.21 +45:27:55.0 24.5 22.4 2.2 −1159.2 ± 12.5
122 00:37:59.75 +45:27:55.6 23.6 22.0 2.7 −142.6 ± 7.1
123 00:38:04.99 +45:27:59.6 23.1 20.6 9.9 −46.4 ± 6.9
125 00:37:39.94 +45:28:07.4 23.8 21.8 3.7 −154.0 ± 3.3
126 00:37:51.04 +45:28:08.9 22.9 20.7 8.7 −138.0 ± 6.4
128 00:38:03.59 +45:28:22.5 23.5 20.7 10.8 −61.1 ± 4.6
129 00:37:58.29 +45:28:31.2 23.0 21.2 5.4 −58.6 ± 12.9
130 00:37:52.12 +45:28:37.2 23.2 20.7 10.0 −30.2 ± 3.8
131 00:37:56.86 +45:28:39.5 23.4 20.6 11.2 −108.0 ± 4.1
NW-K1
A27sf1
2 00:39:59.16 +45:03:38.2 23.0 22.0 3.7 −166.3 ± 11.4
3 00:40:00.29 +45:03:38.6 22.7 21.4 5.7 −129.3 ± 12.7
4 00:39:58.92 +45:04:38.3 23.3 21.8 2.8 −73.9 ± 6.9
5 00:39:47.04 +45:06:57.4 22.6 20.8 7.0 −46.4 ± 7.2
6 00:40:04.30 +45:07:14.5 22.7 21.2 4.8 −109.4 ± 7.5
7 00:39:37.81 +45:07:44.6 22.5 20.9 7.0 −88.8 ± 6.6
8 00:40:00.35 +45:07:46.1 22.5 21.0 5.0 −77.5 ± 6.0
9 00:39:56.01 +45:08:10.2 22.8 21.2 5.3 −174.4 ± 6.3
10 00:39:49.73 +45:08:18.1 22.2 20.9 6.1 −95.4 ± 6.3
11 00:39:28.22 +45:09:07.8 23.0 21.3 5.3 −540.9 ± 3.2
12 00:39:26.80 +45:09:46.5 23.3 21.8 3.2 −100.1 ± 8.9
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14 00:39:42.03 +45:10:36.0 23.5 22.0 3.1 −118.4 ± 17.8
15 00:39:21.10 +45:10:42.0 22.3 21.0 6.0 −61.2 ± 10.7
16 00:39:14.04 +45:11:10.5 22.8 21.2 6.4 −428.2 ± 4.4
17 00:39:38.77 +45:11:39.3 22.4 20.6 7.6 −80.7 ± 7.8
18 00:39:10.98 +45:12:27.3 23.2 21.9 3.1 −171.3 ± 7.9
20 00:39:16.95 +45:13:20.3 22.7 21.3 3.8 −279.0 ± 7.9
21 00:39:25.89 +45:13:54.8 22.7 20.9 6.1 −126.4 ± 5.7
22 00:39:15.72 +45:14:32.3 21.9 20.6 6.0 −56.6 ± 4.8
23 00:40:12.21 +45:04:21.1 23.4 22.1 2.2 −535.8 ± 7.6
24 00:39:45.11 +45:05:40.4 23.2 22.1 2.8 −214.6 ± 8.7
25 00:39:44.07 +45:05:44.2 24.2 22.9 1.4 −203.1 ± 7.8
26 00:40:00.43 +45:05:46.0 23.9 22.9 1.1 −133.7 ± 7.0
27 00:39:40.46 +45:06:23.6 24.2 22.7 1.6 −261.4 ± 9.5
29 00:39:56.18 +45:06:28.0 23.9 22.9 1.2 −144.7 ± 15.8
30 00:40:04.33 +45:07:29.5 23.8 22.6 1.4 −326.9 ± 21.0
31 00:39:37.65 +45:08:52.8 24.0 22.8 1.3 −560.0 ± 16.5
32 00:39:24.05 +45:10:26.6 23.9 22.9 1.4 −571.2 ± 5.6
33 00:39:18.52 +45:10:29.4 24.0 22.8 1.8 −525.1 ± 12.1
34 00:39:18.96 +45:10:42.0 23.6 22.0 3.8 1253.5 ± 79.9
35 00:39:30.70 +45:11:07.3 24.0 22.7 1.6 −517.3 ± 11.0
36 00:39:31.83 +45:11:36.7 23.3 22.2 2.0 −252.8 ± 21.7
37 00:39:22.19 +45:11:56.9 24.0 22.6 1.6 −540.9 ± 9.6
38 00:39:25.79 +45:12:53.9 23.9 22.6 1.4 −549.1 ± 16.7
39 00:39:21.81 +45:12:55.0 24.3 22.9 1.1 −242.6 ± 12.7
43 00:40:08.15 +45:03:27.3 23.8 21.4 35.2 −82.9 ± 4.8
44 00:40:02.15 +45:03:29.7 23.6 21.2 8.8 −12.7 ± 5.0
45 00:40:03.85 +45:03:30.9 23.2 20.6 14.2 7.0 ± 8.4
47 00:40:00.37 +45:04:06.8 23.4 20.6 9.0 −101.0 ± 10.9
48 00:39:54.41 +45:04:13.1 22.6 20.3 14.0 −66.0 ± 4.9
49 00:40:02.90 +45:04:40.1 23.0 20.6 7.9 −5.6 ± 6.6
50 00:40:02.76 +45:04:51.0 24.6 21.9 3.3 −10.1 ± 13.9
51 00:39:44.43 +45:05:23.1 23.7 21.0 13.6 −15.2 ± 5.8
52 00:40:12.81 +45:05:29.4 22.4 21.5 3.4 −136.1 ± 20.0
53 00:39:54.06 +45:05:50.8 23.1 20.8 7.2 −18.0 ± 3.4
54 00:39:49.37 +45:06:05.5 24.2 21.9 3.5 9.6 ± 6.0
55 00:39:41.31 +45:06:22.6 22.9 20.5 11.1 −123.0 ± 4.7
56 00:39:44.83 +45:06:25.1 23.9 21.8 3.6 −56.3 ± 6.0
57 00:40:10.64 +45:06:31.4 22.2 21.3 3.7 −134.1 ± 7.7
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58 00:39:54.92 +45:06:39.5 24.0 21.0 8.0 −42.6 ± 16.9
60 00:39:36.82 +45:07:26.1 23.2 21.2 6.1 −14.7 ± 9.9
61 00:39:35.36 +45:07:26.8 23.6 20.9 9.5 −4.1 ± 15.1
62 00:39:42.65 +45:07:33.8 24.0 21.6 4.5 −61.8 ± 4.0
63 00:40:01.16 +45:07:36.6 23.6 21.2 6.3 −58.1 ± 7.0
64 00:39:49.87 +45:07:40.3 23.9 21.3 6.2 −18.1 ± 6.9
65 00:39:47.24 +45:08:10.6 21.5 20.6 6.8 −106.1 ± 7.2
66 00:39:49.53 +45:08:25.7 23.0 20.5 9.1 −29.3 ± 2.6
67 00:39:44.04 +45:08:30.8 23.3 21.0 6.7 −101.2 ± 2.2
68 00:39:35.13 +45:08:48.6 24.0 21.7 4.7 −181.8 ± 13.0
69 00:39:27.46 +45:08:50.5 21.8 20.6 8.6 −65.5 ± 4.5
70 00:39:43.90 +45:09:04.7 23.1 20.7 8.1 −52.5 ± 5.7
71 00:39:35.42 +45:09:15.9 23.9 21.7 4.3 −74.2 ± 5.7
72 00:39:28.72 +45:09:35.3 23.9 21.2 6.1 −57.2 ± 13.6
73 00:39:34.91 +45:09:54.4 24.5 21.8 5.0 −30.8 ± 6.6
74 00:39:19.91 +45:10:14.3 24.3 21.7 5.9 −16.2 ± 11.2
75 00:39:42.86 +45:10:22.1 24.1 21.4 6.0 30.6 ± 12.9
76 00:39:30.39 +45:10:36.8 21.5 21.8 2.5 −528.6 ± 22.8
77 00:39:34.59 +45:11:59.5 24.2 21.9 2.9 −116.3 ± 17.7
78 00:39:32.21 +45:12:04.1 24.7 21.4 6.6 −873.7 ± 16.0
79 00:39:10.61 +45:12:06.8 23.8 21.2 7.3 −18.8 ± 9.2
80 00:39:31.56 +45:12:08.0 22.1 21.4 4.0 −415.4 ± 7.9
81 00:39:15.39 +45:12:22.0 23.5 21.6 3.1 −80.9 ± 8.2
82 00:39:20.73 +45:12:34.4 23.9 21.9 3.3 −57.8 ± 5.3
83 00:39:25.95 +45:12:46.9 24.3 22.0 3.1 −51.9 ± 16.4
84 00:39:12.80 +45:12:56.2 23.3 20.9 7.2 −83.7 ± 15.3
87 00:39:23.85 +45:13:43.5 24.7 21.9 3.4 −9.2 ± 17.0
88 00:39:15.94 +45:13:57.9 22.7 20.5 6.2 −64.0 ± 5.0
89 00:39:12.57 +45:14:27.9 22.2 21.6 5.8 −176.1 ± 19.1
603HaS
5 00:39:42.23 +45:18:07.7 23.0 21.6 3.3 −44.2 ± 38.0
6 00:39:44.94 +45:16:05.3 23.4 21.1 5.9 −25.8 ± 8.3
8 00:39:41.43 +45:17:48.9 23.9 21.0 7.2 −41.5 ± 7.5
9 00:39:31.92 +45:19:59.6 22.8 21.4 3.6 −122.9 ± 12.9
10 00:39:08.53 +45:15:46.8 23.0 21.2 4.6 −527.9 ± 5.0
11 00:39:29.97 +45:16:28.2 23.2 21.2 5.8 −148.9 ± 24.0
14 00:39:30.54 +45:17:44.4 23.3 21.3 4.8 −71.8 ± 7.4
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15 00:39:05.93 +45:16:55.3 23.4 22.1 2.2 −526.2 ± 3.1
16 00:39:05.38 +45:17:48.5 23.4 21.1 6.0 −78.2 ± 8.7
17 00:39:20.14 +45:17:15.8 23.5 21.3 5.6 3.8 ± 15.6
18 00:39:08.00 +45:18:01.4 23.6 21.1 5.6 −33.5 ± 5.7
20 00:39:25.73 +45:19:55.0 23.6 22.4 1.5 −531.5 ± 4.0
21 00:39:31.40 +45:19:28.5 24.1 21.9 3.3 −54.9 ± 11.7
22 00:39:12.64 +45:19:15.1 24.2 21.7 4.3 13.2 ± 8.4
23 00:39:17.91 +45:17:4.9 24.3 22.3 2.3 −53.8 ± 29.9
24 00:39:34.90 +45:18:16.9 24.3 22.2 2.4 −18.2 ± 7.7
28 00:39:16.34 +45:16:36.3 24.5 22.1 2.8 −65.4 ± 8.9
29 00:39:34.23 +45:16:10.9 24.5 21.6 4.7 −22.4 ± 14.2
31 00:38:55.33 +45:15:26.5 23.0 20.8 7.8 −70.2 ± 5.0
32 00:38:30.15 +45:18:18.1 23.1 21.7 3.0 −519.6 ± 6.0
33 00:38:46.02 +45:17:28.4 23.2 21.2 4.8 −537.5 ± 4.0
35 00:38:38.75 +45:17:33.4 23.2 21.7 3.4 −546.9 ± 8.1
37 00:38:56.63 +45:18:43.3 23.2 21.1 6.4 −50.2 ± 7.1
38 00:38:44.39 +45:15:36.2 23.3 21.7 3.6 −526.2 ± 5.2
39 00:38:48.61 +45:17:11.0 23.4 21.7 3.1 −135.4 ± 2.8
40 00:38:47.96 +45:15:36.6 23.5 21.4 5.2 −70.0 ± 11.6
42 00:38:32.65 +45:19:21.6 23.6 20.8 8.6 −44.8 ± 11.2
43 00:38:58.20 +45:16:59.0 23.6 21.5 5.1 −39.7 ± 7.5
44 00:38:54.74 +45:17:59.5 23.7 21.6 3.6 −57.2 ± 6.5
45 00:38:59.19 +45:18:46.0 23.6 21.0 7.6 32.2 ± 7.7
46 00:38:32.03 +45:19:34.1 23.7 22.3 1.7 −535.8 ± 17.3
47 00:38:28.70 +45:17:49.6 23.8 21.2 5.9 20.9 ± 6.6
48 00:38:52.29 +45:16:11.6 23.8 22.0 2.9 −249.2 ± 6.9
49 00:38:38.12 +45:17:55.3 23.9 21.6 4.5 −79.7 ± 9.5
52 00:38:47.08 +45:18:06.0 23.9 21.7 4.0 −10.7 ± 15.3
53 00:38:53.30 +45:16:30.5 24.0 21.5 4.9 40.7 ± 11.7
55 00:38:50.51 +45:17:04.2 24.1 21.5 4.9 −62.5 ± 10.4
57 00:38:42.96 +45:17:29.8 24.1 21.4 6.0 −14.3 ± 11.1
58 00:38:37.48 +45:15:40.2 24.4 22.1 3.0 −92.5 ± 4.0
59 00:38:43.72 +45:16:38.6 24.3 21.2 7.4 −18.6 ± 56.6
60 00:38:42.48 +45:15:20.9 24.5 22.4 1.6 1038.8 ± 11.3
61 00:38:27.73 +45:17:06.6 24.4 21.8 4.1 −52.6 ± 12.3
62 00:38:41.36 +45:17:22.9 24.4 21.6 5.3 −8.0 ± 19.0
63 00:38:39.32 +45:18:03.1 24.5 22.0 2.9 −86.1 ± 9.3
64 00:38:45.24 +45:18:06.6 24.6 21.6 5.1 −22.5 ± 12.3
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66 00:38:14.84 +45:16:50.0 22.4 21.3 3.3 −75.8 ± 5.5
67 00:38:24.06 +45:19:22.5 22.6 21.0 5.3 −123.4 ± 5.3
68 00:38:14.08 +45:15:35.5 23.7 22.4 1.2 −377.8 ± 21.4
69 00:38:16.19 +45:17:13.2 23.7 21.2 4.8 −281.4 ± 5.0
72 00:38:21.24 +45:18:25.6 24.1 21.4 5.2 −81.1 ± 7.6
73 00:38:15.63 +45:17:55.9 24.2 21.5 4.3 2.5 ± 13.3
74 00:38:19.54 +45:19:09.6 24.8 22.2 2.5 −369.8 ± 11.2
75 00:38:19.00 +45:18:07.9 24.8 22.2 2.4 8.4 ± 37.9
76 00:39:33.52 +45:18:33.5 22.4 21.8 2.6 251.8 ± 18.5
77 00:39:43.72 +45:16:56.6 20.4 19.8 12.1 −111.6 ± 5.8
79 00:39:09.12 +45:17:23.3 20.8 20.3 8.2 −165.8 ± 4.5
80 00:39:21.19 +45:16:32.1 21.5 19.7 15.7 −122.1 ± 4.5
81 00:39:18.90 +45:19:32.0 21.6 20.0 11.0 −13.3 ± 4.2
82 00:39:03.94 +45:15:38.6 21.7 20.5 8.0 −57.6 ± 6.4
83 00:39:14.40 +45:18:50.2 21.9 19.7 14.0 −97.2 ± 2.5
85 00:39:22.19 +45:19:46.2 22.2 20.7 7.6 −45.2 ± 13.9
86 00:39:26.17 +45:15:48.1 22.3 19.9 16.4 10.6 ± 2.5
87 00:39:26.96 +45:19:23.6 22.2 20.0 12.6 −75.6 ± 4.9
88 00:39:13.28 +45:16:39.8 22.3 19.9 14.3 −38.1 ± 3.2
90 00:39:09.93 +45:19:08.2 22.6 20.1 11.9 −47.4 ± 3.3
91 00:39:14.95 +45:17:03.3 22.8 21.9 2.6 −236.8 ± 13.8
93 00:39:36.22 +45:16:52.8 23.3 22.4 1.6 359.6 ± 19.7
94 00:39:07.47 +45:16:04.8 24.9 22.2 2.7 −133.9 ± 9.0
95 00:39:06.75 +45:15:27.6 25.0 21.8 4.3 −18.8 ± 9.9
96 00:39:36.89 +45:15:59.1 25.6 22.1 3.9 −710.4 ± 10.6
97 00:38:39.85 +45:17:06.2 21.0 20.3 8.7 −109.5 ± 4.3
98 00:38:51.67 +45:15:36.9 21.2 20.5 6.8 −139.5 ± 2.4
99 00:38:34.87 +45:18:04.7 22.7 20.6 9.6 −53.8 ± 4.8
101 00:38:31.01 +45:16:49.4 22.7 20.3 12.3 −94.7 ± 2.0
102 00:38:51.18 +45:15:35.2 22.8 19.8 17.5 −101.7 ± 6.7
A27sf2
2 00:35:46.16 +45:32:02.8 22.7 21.0 8.5 −76.2 ± 4.7
7 00:35:46.95 +45:30:40.1 22.4 20.6 7.4 −142.5 ± 3.2
8 00:36:30.33 +45:30:54.5 23.1 21.6 5.6 −217.5 ± 8.7
9 00:35:29.87 +45:30:58.7 22.6 21.1 4.2 −161.8 ± 6.4
10 00:35:58.73 +45:31:05.8 22.6 20.7 6.9 −149.7 ± 6.4
11 00:35:32.75 +45:31:09.3 22.1 20.6 6.8 −314.7 ± 8.1
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12 00:35:39.38 +45:31:16.2 23.1 22.0 1.8 −181.6 ± 9.2
13 00:36:19.21 +45:31:33.8 23.5 21.8 3.0 −120.7 ± 4.0
14 00:35:50.89 +45:31:34.2 23.2 21.4 4.0 −2.1 ± 19.7
15 00:36:20.98 +45:31:34.3 22.9 21.6 3.5 −185.6 ± 14.7
16 00:36:44.69 +45:31:38.6 22.3 20.7 11.9 −44.8 ± 9.3
17 00:36:24.55 +45:31:58.0 22.8 21.5 3.2 −119.0 ± 21.5
19 00:35:59.62 +45:32:24.3 22.9 21.2 4.7 −38.2 ± 5.8
20 00:36:30.29 +45:32:27.0 22.8 21.3 4.3 −46.8 ± 10.9
21 00:36:24.24 +45:32:33.2 22.7 21.3 4.1 −76.3 ± 6.0
22 00:35:57.12 +45:32:48.6 22.4 21.1 5.7 −111.7 ± 8.2
23 00:35:47.97 +45:33:16.6 22.6 21.1 5.1 −327.8 ± 3.9
24 00:36:25.07 +45:33:25.7 23.0 21.6 3.3 −82.2 ± 8.0
25 00:36:28.16 +45:33:38.0 23.2 21.8 2.7 −170.1 ± 26.4
26 00:36:15.29 +45:33:39.9 22.3 20.6 7.9 −43.1 ± 4.3
27 00:36:36.06 +45:34:58.2 22.2 20.5 7.4 −102.6 ± 8.6
29 00:35:50.53 +45:30:33.6 23.9 22.4 1.9 −201.0 ± 10.6
30 00:36:25.40 +45:30:53.6 23.8 22.6 1.6 −162.4 ± 15.3
32 00:36:26.91 +45:31:08.8 24.0 22.8 1.3 −225.3 ± 7.7
33 00:36:04.85 +45:31:17.8 24.0 22.6 1.5 −521.6 ± 15.5
34 00:35:57.11 +45:31:51.7 24.3 23.0 1.1 −219.1 ± 8.1
35 00:35:37.07 +45:32:24.7 24.1 23.0 0.8 −138.5 ± 20.0
37 00:35:30.08 +45:32:39.4 23.9 22.3 1.3 2.1 ± 19.6
38 00:35:31.16 +45:32:53.2 23.6 22.5 1.0 1046.2 ± 9.0
39 00:36:08.24 +45:33:23.7 23.8 22.6 1.2 −138.8 ± 8.1
40 00:36:07.39 +45:33:23.8 24.0 23.0 0.8 996.7 ± 25.5
41 00:36:27.54 +45:33:43.5 23.6 22.2 1.9 249.3 ± 3.9
42 00:36:42.08 +45:34:11.6 23.7 22.5 1.1 −517.0 ± 8.3
43 00:36:39.34 +45:35:19.0 23.7 22.2 1.3 −167.9 ± 14.9
44 00:36:36.82 +45:35:57.4 23.5 22.3 1.2 −248.8 ± 2.9
45 00:35:38.23 +45:28:49.0 22.6 20.5 21.3 −140.7 ± 1.4
50 00:36:09.17 +45:30:19.0 24.5 22.0 3.9 −85.0 ± 6.3
51 00:36:04.34 +45:30:33.8 23.4 21.2 6.1 −57.3 ± 6.8
52 00:36:16.76 +45:30:42.5 23.1 20.6 10.3 10.1 ± 3.2
53 00:35:52.25 +45:30:55.7 21.9 20.9 5.5 −116.6 ± 11.1
54 00:36:12.54 +45:31:00.5 24.0 21.5 5.0 −149.2 ± 10.4
55 00:36:23.74 +45:31:03.4 23.6 20.4 13.2 −2.5 ± 3.5
56 00:36:17.99 +45:31:09.4 22.9 20.7 7.9 −39.5 ± 5.3
57 00:36:13.85 +45:31:17.9 23.2 20.9 6.8 −62.0 ± 8.9
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58 00:35:57.17 +45:31:26.6 23.2 20.5 11.1 −46.6 ± 3.2
59 00:36:35.50 +45:31:30.2 23.3 20.3 19.3 −28.8 ± 10.2
60 00:36:34.69 +45:31:37.0 23.8 21.4 5.9 −55.0 ± 22.1
61 00:35:53.23 +45:31:49.2 23.7 21.7 3.3 −52.9 ± 9.7
62 00:36:35.80 +45:31:53.5 22.8 20.3 12.1 6.2 ± 3.7
63 00:36:15.45 +45:32:11.2 22.9 20.8 7.7 −118.4 ± 3.4
64 00:35:51.14 +45:32:29.2 23.4 20.9 7.2 −80.4 ± 4.6
65 00:36:41.65 +45:32:40.8 23.7 21.9 2.5 −250.7 ± 12.3
66 00:36:13.61 +45:32:42.7 22.8 20.4 9.7 −41.5 ± 3.0
67 00:36:15.47 +45:32:43.8 23.4 20.5 9.7 −10.0 ± 8.8
68 00:36:40.32 +45:32:52.3 21.1 20.5 6.2 −97.4 ± 7.4
69 00:36:35.11 +45:32:53.6 23.4 21.6 3.1 −16.6 ± 6.5
70 00:36:20.68 +45:32:54.9 23.7 21.2 6.2 −49.3 ± 7.9
71 00:36:03.91 +45:33:07.9 23.7 20.7 10.7 −38.8 ± 4.7
72 00:36:21.59 +45:33:09.3 23.7 21.6 3.8 −48.4 ± 14.8
73 00:35:31.22 +45:33:10.7 24.4 21.9 2.3 −915.3 ± 29.5
74 00:35:31.90 +45:33:11.0 22.0 20.8 4.5 −136.6 ± 7.1
75 00:36:29.89 +45:33:17.5 21.1 20.4 7.4 −127.8 ± 4.7
77 00:35:46.13 +45:33:30.7 24.1 21.5 4.5 −134.0 ± 12.7
78 00:36:11.89 +45:33:33.3 24.2 21.4 5.7 −27.0 ± 8.1
79 00:36:46.76 +45:33:43.3 23.5 21.8 3.3 −67.5 ± 19.8
81 00:36:48.32 +45:34:02.8 24.2 21.6 6.1 −1165.3 ± 13.9
82 00:36:45.55 +45:34:13.3 24.7 21.8 2.9 741.7 ± 14.9
83 00:36:44.39 +45:34:37.2 24.5 21.9 2.0 −1160.8 ± 7.7
84 00:36:41.93 +45:34:44.8 23.4 21.5 2.7 −37.2 ± 14.4
85 00:36:23.74 +45:35:17.4 23.7 21.1 6.3 −76.2 ± 11.9
86 00:36:36.13 +45:35:41.1 25.0 21.9 3.0 −853.7 ± 13.2
87 00:36:33.63 +45:35:44.6 25.2 21.6 3.9 −1129.5 ± 41.0
A27sf4
1 00:33:46.56 +45:44:55.6 23.2 21.9 2.3 −211.0 ± 9.0
2 00:33:38.77 +45:45:33.7 23.5 21.9 3.6 −88.7 ± 3.9
3 00:33:59.40 +45:45:59.8 23.0 21.5 2.7 −202.7 ± 9.8
4 00:33:44.79 +45:46:00.5 21.9 20.6 7.9 −111.7 ± 6.6
5 00:33:57.07 +45:46:22.9 22.2 20.8 5.4 −24.2 ± 7.7
6 00:33:51.58 +45:46:27.9 23.0 21.2 5.0 −16.5 ± 6.5
7 00:33:52.16 +45:46:47.2 22.8 21.5 3.8 −91.2 ± 12.1
8 00:33:24.06 +45:47:22.3 22.5 20.6 12.0 −79.7 ± 5.0
Continued on next page
130
Table B.1 – Continued from previous page
Field/Star α δ i g S/N v
9 00:33:43.05 +45:47:29.4 22.6 21.1 5.8 −59.4 ± 10.4
10 00:33:44.80 +45:47:35.0 23.6 22.0 2.7 −116.0 ± 4.2
11 00:33:58.25 +45:47:43.8 23.5 21.8 2.1 −43.4 ± 4.1
12 00:33:14.90 +45:49:39.0 22.1 20.6 9.6 −68.0 ± 5.7
13 00:33:08.99 +45:50:09.7 23.5 21.9 4.5 −112.0 ± 5.8
14 00:33:35.60 +45:50:11.5 22.6 21.0 5.8 −256.7 ± 5.5
15 00:33:08.29 +45:51:50.7 22.6 21.3 5.2 −63.8 ± 14.9
18 00:33:20.97 +45:54:25.9 22.3 20.6 4.6 −60.3 ± 5.3
20 00:33:08.92 +45:54:38.5 22.8 21.3 3.7 −101.8 ± 14.1
21 00:33:02.64 +45:54:40.4 22.6 20.9 6.2 −92.7 ± 4.1
22 00:33:17.39 +45:54:48.2 23.3 21.6 2.6 −57.7 ± 6.4
24 00:33:03.29 +45:55:46.6 23.4 21.8 2.4 −17.4 ± 68.3
27 00:33:34.68 +45:46:26.1 24.0 22.8 1.2 −1071.4 ± 14.4
28 00:33:53.68 +45:46:30.5 23.8 22.5 1.2 −325.7 ± 20.2
29 00:33:26.32 +45:47:31.5 24.0 22.6 2.0 801.5 ± 8.7
30 00:33:26.91 +45:51:17.7 23.7 22.2 2.7 −102.5 ± 8.9
31 00:33:23.33 +45:51:24.7 23.7 22.5 1.7 −75.4 ± 8.6
35 00:33:14.89 +45:54:44.1 23.7 22.3 1.6 −154.4 ± 18.6
39 00:33:50.95 +45:44:24.1 24.0 21.7 20.8 4.8 ± 7.4
40 00:33:50.26 +45:44:40.5 23.4 21.4 6.3 −125.1 ± 4.1
41 00:33:36.28 +45:44:58.0 23.4 20.8 29.9 −5.2 ± 7.8
42 00:33:50.98 +45:45:28.1 23.3 21.0 6.0 −76.5 ± 4.8
43 00:33:37.84 +45:45:31.7 23.9 21.8 5.2 −58.5 ± 8.2
44 00:33:54.77 +45:45:47.1 24.7 21.8 3.5 −103.6 ± 17.2
46 00:33:43.82 +45:46:47.2 25.1 21.5 6.1 −552.7 ± 26.5
47 00:33:35.86 +45:46:50.0 23.6 21.3 6.3 −61.8 ± 7.1
48 00:33:33.81 +45:47:05.7 22.2 21.7 3.6 −129.4 ± 15.8
49 00:33:37.00 +45:47:24.2 21.5 20.5 8.5 −146.4 ± 3.5
50 00:33:27.28 +45:47:49.0 23.0 20.6 10.5 −35.5 ± 3.5
52 00:33:20.12 +45:47:56.5 23.5 21.4 8.8 −153.8 ± 18.0
53 00:33:21.60 +45:47:57.4 21.6 20.9 8.7 −97.9 ± 6.4
54 00:33:24.02 +45:47:59.8 23.8 21.9 4.2 −102.8 ± 5.0
55 00:33:37.43 +45:48:27.4 23.1 21.3 5.5 −43.2 ± 7.5
56 00:33:35.87 +45:48:37.5 23.7 21.7 3.7 −55.4 ± 13.6
57 00:33:30.29 +45:48:40.7 24.4 21.8 4.5 −88.1 ± 11.3
58 00:33:35.22 +45:48:41.9 22.9 20.4 10.5 −23.1 ± 3.5
59 00:33:30.39 +45:48:48.8 24.2 21.5 5.7 −32.5 ± 5.3
60 00:33:16.66 +45:48:58.7 24.2 21.6 6.2 −24.6 ± 8.6
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61 00:33:39.93 +45:49:00.2 21.7 20.7 7.3 −131.9 ± 7.5
62 00:33:43.14 +45:49:03.0 23.0 20.8 7.9 −108.5 ± 3.5
63 00:33:24.54 +45:49:05.0 22.8 20.5 10.5 −39.6 ± 3.7
64 00:33:43.23 +45:49:14.4 22.9 20.7 8.6 −99.2 ± 3.8
65 00:33:17.59 +45:49:18.9 21.5 20.6 8.2 −321.7 ± 3.7
66 00:33:25.04 +45:49:19.3 23.1 21.1 6.9 −65.1 ± 6.8
67 00:33:38.74 +45:49:27.8 24.7 21.2 7.9 3.1 ± 5.6
68 00:33:42.44 +45:49:33.4 23.3 20.4 9.7 −17.5 ± 4.4
70 00:33:19.01 +45:49:40.4 23.6 21.0 8.8 −32.1 ± 6.4
71 00:33:18.46 +45:49:58.8 21.6 20.6 8.4 −49.7 ± 4.6
72 00:33:08.14 +45:50:29.3 24.2 21.8 6.2 −20.3 ± 7.8
73 00:33:15.69 +45:50:33.1 23.9 21.6 4.7 −43.4 ± 4.3
74 00:33:21.31 +45:50:53.6 21.8 20.6 8.1 −100.1 ± 4.0
75 00:33:07.93 +45:51:00.6 23.6 21.2 7.4 −102.0 ± 8.1
76 00:33:24.20 +45:51:04.9 21.5 20.7 6.8 −69.2 ± 4.8
77 00:33:11.33 +45:51:11.9 23.2 20.5 10.9 −4.8 ± 3.2
78 00:33:02.08 +45:51:19.0 23.8 21.2 11.3 −60.9 ± 9.5
79 00:33:13.03 +45:51:38.6 24.0 21.3 6.8 −57.9 ± 5.9
80 00:33:06.27 +45:51:44.0 22.9 20.7 9.8 −52.6 ± 4.1
81 00:33:24.98 +45:51:50.2 24.4 21.8 4.6 −44.3 ± 6.2
82 00:33:20.70 +45:52:00.6 24.6 21.9 4.4 −24.7 ± 4.0
83 00:33:18.85 +45:52:01.5 21.5 20.8 6.6 −95.0 ± 5.2
84 00:33:06.64 +45:52:17.7 22.1 21.1 5.3 −74.0 ± 6.8
92 00:33:08.05 +45:54:48.7 23.5 21.2 5.4 −140.5 ± 5.4
93 00:33:02.17 +45:55:56.5 22.0 20.8 4.2 −60.0 ± 7.5
94 00:32:58.50 +45:56:01.5 23.3 20.6 12.4 −37.8 ± 4.8
604HaS
5 00:32:38.24 +46:10:45.6 22.7 20.9 5.9 −113.7 ± 5.8
7 00:32:42.65 +46:10:29.6 23.3 21.0 6.7 −41.6 ± 4.8
8 00:32:35.96 +46:10:3.8 23.5 22.3 1.6 −133.8 ± 16.5
10 00:32:27.81 +46:09:26.7 23.6 21.6 3.8 −101.0 ± 3.3
11 00:32:28.33 +46:10:51.4 24.0 21.0 6.9 −40.9 ± 6.3
13 00:32:32.33 +46:09:26.2 24.3 21.9 3.4 −95.3 ± 6.3
14 00:32:37.08 +46:11:20.2 24.6 22.1 2.9 256.8 ± 11.9
15 00:32:01.26 +46:09:47.6 22.8 21.5 3.3 −88.4 ± 14.3
16 00:31:44.15 +46:11:9.8 23.0 21.6 2.7 −503.1 ± 9.1
18 00:31:57.62 +46:09:26.2 23.3 21.6 3.1 −45.1 ± 13.0
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19 00:31:45.44 +46:09:36.5 23.3 21.7 2.9 −120.5 ± 2.6
20 00:31:54.70 +46:09:9.1 24.1 21.4 5.1 −107.1 ± 14.1
21 00:32:07.93 +46:09:13.4 24.1 22.2 1.8 −174.0 ± 4.6
22 00:32:11.42 +46:09:14.2 24.2 21.7 4.1 −68.0 ± 5.2
23 00:32:01.93 +46:09:28.5 24.6 22.1 2.7 −55.6 ± 14.9
25 00:31:31.02 +46:09:51.6 23.1 21.2 5.0 −70.9 ± 12.8
26 00:31:34.77 +46:10:10.0 23.1 21.1 5.1 −58.2 ± 4.5
27 00:31:29.05 +46:09:9.0 23.1 21.3 4.7 −92.5 ± 9.2
28 00:31:32.77 +46:09:38.1 24.0 21.3 6.6 4.3 ± 9.8
29 00:31:23.42 +46:09:36.1 24.1 21.6 3.1 −92.9 ± 8.5
30 00:31:26.21 +46:09:24.6 24.5 21.9 3.5 −82.8 ± 14.8
31 00:31:35.92 +46:10:41.4 24.7 22.3 2.2 −25.5 ± 11.8
32 00:31:28.05 +46:10:55.6 24.8 21.8 3.4 982.9 ± 25.9
33 00:32:49.62 +46:07:32.7 22.4 21.1 6.5 −10.0 ± 5.2
34 00:32:36.43 +46:08:4.8 23.2 20.8 7.1 −25.8 ± 7.4
35 00:32:35.39 +46:08:14.6 23.4 20.8 7.1 −42.6 ± 3.9
36 00:32:45.65 +46:06:42.3 23.6 21.2 5.9 −131.1 ± 3.2
37 00:32:31.65 +46:07:19.5 23.7 21.7 3.6 −141.9 ± 7.2
38 00:32:30.45 +46:06:39.8 23.8 21.6 5.9 −115.8 ± 19.1
40 00:32:22.43 +46:07:14.4 24.0 21.4 5.7 −59.4 ± 8.7
41 00:32:34.51 +46:08:17.3 24.1 21.5 4.5 −2.6 ± 11.3
42 00:32:20.34 +46:06:45.5 24.3 21.6 5.1 −64.4 ± 15.5
44 00:32:07.37 +46:07:6.0 22.8 21.2 4.8 −72.2 ± 11.4
45 00:32:00.28 +46:08:1.4 23.1 21.5 4.0 −81.7 ± 7.6
47 00:31:56.02 +46:07:29.7 23.4 20.9 6.9 −59.1 ± 4.0
48 00:32:06.65 +46:08:16.0 24.2 21.4 5.5 −13.1 ± 8.1
49 00:31:59.48 +46:07:1.7 24.2 21.7 4.2 −11.3 ± 10.7
50 00:31:43.59 +46:07:20.0 24.2 22.0 3.4 −26.2 ± 9.7
51 00:31:44.95 +46:07:42.3 24.3 22.0 3.0 −75.3 ± 13.0
52 00:32:08.53 +46:08:19.4 24.2 22.3 2.1 −250.0 ± 13.2
53 00:31:56.63 +46:06:49.8 24.5 22.2 2.7 −64.1 ± 9.8
54 00:31:42.66 +46:07:60.0 24.6 21.8 3.7 −45.6 ± 9.6
55 00:31:58.32 +46:08:13.7 24.8 22.3 2.5 −125.2 ± 5.6
56 00:31:32.15 +46:07:52.3 22.5 21.2 5.4 −129.9 ± 6.4
57 00:31:24.05 +46:07:39.4 22.7 21.3 3.5 −100.3 ± 14.3
58 00:31:24.65 +46:07:1.8 22.9 21.5 3.8 −220.5 ± 7.3
60 00:31:22.93 +46:06:36.5 23.7 21.3 4.3 −58.9 ± 4.3
62 00:31:20.43 +46:07:39.5 24.1 21.9 2.3 −64.7 ± 16.0
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63 00:31:19.40 +46:08:3.2 24.1 21.8 3.0 −36.2 ± 3.6
64 00:31:33.88 +46:08:31.1 24.6 21.7 4.6 38.6 ± 29.1
65 00:31:18.20 +46:07:0.4 24.7 21.9 2.0 −511.3 ± 8.6
67 00:31:25.60 +46:06:50.2 24.9 21.7 4.5 −869.7 ± 31.5
68 00:32:23.81 +46:09:31.1 22.3 21.6 2.9 −325.1 ± 7.5
69 00:32:48.82 +46:08:54.2 26.3 25.6 8.3 −69.7 ± 4.5
70 00:32:18.24 +46:10:33.7 21.7 20.7 6.2 −55.7 ± 7.8
71 00:32:43.50 +46:09:34.6 22.0 20.2 10.3 −61.7 ± 4.9
72 00:32:33.79 +46:09 :45.6 22.2 19.6 17.5 −12.6 ± 3.2
74 00:32:26.52 +46:09:42.5 22.7 20.1 13.0 −15.2 ± 3.9
75 00:32:40.45 +46:09:28.2 22.9 20.0 13.3 −29.3 ± 6.5
76 00:32:39.94 +46:09:14.2 25.7 22.1 3.6 −728.7 ± 19.2
78 00:32:09.36 +46:09:46.6 22.1 21.0 4.4 −145.2 ± 4.6
79 00:31:47.97 +46:10:23.4 25.2 22.3 2.4 −60.6 ± 13.3
81 00:31:22.14 +46:09:55.5 22.8 20.6 8.5 −57.5 ± 8.0
83 00:32:52.07 +46:07:34.0 21.3 20.2 8.7 −75.1 ± 7.2
84 00:32:51.07 +46:06:59.3 21.4 20.6 6.5 −126.8 ± 7.8
86 00:32:38.92 +46:06:48.8 22.7 20.3 11.7 10.4 ± 3.4
88 00:32:25.76 +46:07:28.9 25.0 22.5 2.1 −36.0 ± 6.7
89 00:31:51.08 +46:06:51.0 20.1 19.5 15.8 −89.2 ± 2.6
91 00:31:58.89 +46:07:7.5 20.7 19.7 12.1 −34.8 ± 6.4
92 00:31:53.80 +46:06:38.5 21.5 19.9 14.0 −5.3 ± 2.9
93 00:31:49.86 +46:07:5.1 21.8 19.6 17.8 −25.5 ± 2.5
95 00:32:12.36 +46:06:48.7 21.9 20.3 10.8 −107.9 ± 2.9
96 00:32:02.51 +46:08:19.6 22.0 21.0 4.7 −135.3 ± 7.7
97 00:31:49.08 +46:08:25.5 22.1 20.3 10.0 −54.0 ± 5.6
98 00:31:52.23 +46:06:34.7 23.0 20.3 13.2 −69.1 ± 3.5
99 00:31:47.45 +46:07:23.0 23.7 20.6 11.8 −67.7 ± 5.1
101 00:31:42.11 +46:08:30.6 25.5 22.3 2.7 −25.7 ± 16.5
103 00:31:36.65 +46:07:16.9 20.5 20.1 10.6 −164.0 ± 5.0
A27sf3
3 00:30:42.14 +46:09:33.7 22.9 21.3 10.8 −106.5 ± 8.6
4 00:30:59.60 +46:09:37.3 22.1 20.8 10.6 −315.0 ± 23.0
5 00:30:48.01 +46:10:05.1 23.0 21.7 3.7 −133.6 ± 6.2
6 00:30:50.70 +46:10:20.2 22.0 20.7 7.9 −166.9 ± 4.0
7 00:30:33.80 +46:10:30.1 23.1 21.6 8.7 −489.1 ± 7.9
8 00:30:44.93 +46:10:46.9 22.6 21.4 4.5 −89.3 ± 6.0
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9 00:30:57.78 +46:12:03.4 22.1 20.8 6.9 −84.9 ± 4.3
10 00:30:35.42 +46:13:01.6 22.7 21.4 5.7 −81.3 ± 7.0
11 00:30:33.43 +46:13:09.5 23.1 21.8 3.6 −125.5 ± 7.3
12 00:30:15.04 +46:13:42.9 22.6 21.0 11.6 −124.8 ± 5.2
13 00:30:36.02 +46:13:47.8 22.2 21.0 6.8 −59.9 ± 6.4
14 00:30:12.68 +46:15:48.9 23.0 21.8 3.7 −92.6 ± 8.9
15 00:30:15.8 +46:15:52.2 22.5 20.7 9.3 −41.1 ± 8.0
16 00:30:04.40 +46:16:26.6 22.8 21.6 4.6 −88.7 ± 11.5
17 00:30:16.11 +46:16:30.6 23.3 21.7 3.9 −61.3 ± 18.9
18 00:29:58.59 +46:16:58.5 22.8 20.9 10.7 −58.2 ± 6.5
19 00:30:13.24 +46:17:13.0 22.8 21.1 6.5 −26.9 ± 15.4
20 00:30:17.66 +46:17:16.1 23.1 21.6 4.3 −45.4 ± 15.7
21 00:30:20.11 +46:17:18.6 23.5 21.9 3.3 −100.9 ± 9.2
22 00:29:53.26 +46:17:33.7 22.3 20.7 20.1 −144.7 ± 4.2
23 00:29:58.36 +46:18:20.0 22.7 21.4 4.3 −85.7 ± 11.8
24 00:30:13.76 +46:19:03.8 22.5 21.1 5.5 −86.0 ± 8.5
25 00:29:55.01 +46:19:21.5 23.5 21.9 11.6 −63.4 ± 14.8
26 00:30:02.98 +46:19:45.1 23.4 21.9 2.2 −140.4 ± 16.0
28 00:30:13.32 +46:20:00.1 23.0 21.7 3.2 −90.9 ± 17.5
29 00:30:37.95 +46:10:27.1 23.7 22.6 2.5 −168.0 ± 15.6
30 00:30:57.61 +46:10:50.5 23.9 22.3 1.8 553.6 ± 31.4
31 00:30:33.67 +46:13:04.5 23.6 22.2 2.4 −505.8 ± 7.3
32 00:30:45.72 +46:13:25.7 23.7 22.3 2.0 −500.4 ± 11.3
33 00:30:28.09 +46:14:07.5 23.5 22.1 2.8 −104.8 ± 4.2
34 00:30:17.51 +46:14:26.0 23.5 22.3 2.5 −109.3 ± 7.2
35 00:30:32.56 +46:14:45.8 23.7 22.6 1.6 −498.7 ± 3.8
38 00:30:46.49 +46:09:08.0 24.4 21.6 10.9 −74.3 ± 37.3
39 00:30:50.82 +46:09:14.6 24.0 21.6 21.3 −104.7 ± 15.2
40 00:30:58.14 +46:09:52.2 24.0 21.8 5.4 −82.8 ± 4.3
41 00:30:49.30 +46:09:52.8 24.0 21.4 5.8 −46.8 ± 13.5
42 00:30:57.38 +46:10:04.8 23.0 21.0 8.8 −11.1 ± 8.2
43 00:30:32.92 +46:10:35.8 24.1 21.7 10.7 −74.0 ± 8.3
45 00:30:44.30 +46:11:08.9 24.2 21.1 7.6 38.4 ± 13.4
46 00:30:30.54 +46:11:16.8 24.2 21.3 10.5 −103.9 ± 5.7
48 00:30:29.92 +46:11:46.3 23.2 20.7 12.3 −70.2 ± 3.7
49 00:30:33.01 +46:11:57.3 23.3 21.1 7.0 −65.4 ± 5.0
50 00:30:49.58 +46:12:10.1 23.9 21.2 7.5 −11.2 ± 7.7
51 00:30:41.43 +46:12:11.6 23.2 20.7 11.0 12.7 ± 5.4
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52 00:30:51.48 +46:12:16.1 21.3 20.6 7.8 −140.2 ± 5.9
53 00:30:29.11 +46:12:50.4 21.7 21.0 7.4 −845.8 ± 6.7
54 00:30:48.54 +46:12:54.6 24.1 21.4 6.3 −55.6 ± 6.8
55 00:30:25.80 +46:13:17.3 21.8 21.1 5.9 −308.8 ± 15.1
56 00:30:30.15 +46:13:30.3 23.5 20.9 9.3 −36.3 ± 5.5
57 00:30:39.46 +46:13:32.4 24.5 22.0 4.4 −85.5 ± 25.0
58 00:30:48.47 +46:13:34.4 23.9 21.9 3.7 −191.4 ± 12.4
59 00:30:45.82 +46:13:42.6 23.3 21.1 7.2 −81.4 ± 6.5
60 00:30:33.17 +46:13:55.2 21.4 21.0 6.0 −134.5 ± 4.4
61 00:30:30.79 +46:13:57.8 23.6 21.4 6.1 −33.9 ± 3.4
62 00:30:14.78 +46:14:18.1 23.4 21.0 10.1 −28.4 ± 4.2
63 00:30:34.57 +46:14:29.0 23.8 20.9 9.6 −25.1 ± 4.9
64 00:30:34.73 +46:14:56.1 24.2 22.0 3.6 −72.0 ± 15.8
65 00:30:31.73 +46:15:00.2 23.5 20.7 11.4 −2.9 ± 4.3
66 00:30:31.05 +46:15:06.2 22.8 20.6 11.3 −108.0 ± 5.9
67 00:30:31.17 +46:15:17.0 21.9 20.7 8.8 −27.7 ± 4.5
68 00:30:25.30 +46:15:20.1 23.3 21.5 5.4 −110.9 ± 9.6
71 00:30:28.93 +46:15:40.4 22.6 20.3 11.7 −42.1 ± 2.8
72 00:30:25.93 +46:15:42.6 21.9 21.0 7.0 −117.5 ± 8.3
73 00:30:20.56 +46:15:45.8 23.1 21.1 6.8 −77.8 ± 4.2
74 00:30:07.82 +46:15:46.1 21.5 21.0 7.1 −131.2 ± 12.0
75 00:30:14.21 +46:15:49.3 21.5 20.4 10.0 −68.8 ± 4.2
77 00:30:12.37 +46:16:41.2 23.4 21.3 6.7 −26.5 ± 10.2
78 00:30:25.97 +46:16:52.2 24.5 21.9 5.3 −30.2 ± 9.7
79 00:30:25.42 +46:17:07.9 24.1 21.2 6.9 −55.9 ± 14.6
80 00:30:04.46 +46:17:18.7 24.1 22.0 3.2 −64.2 ± 7.4
81 00:29:56.55 +46:17:25.7 23.1 20.6 16.4 −40.0 ± 5.6
82 00:30:11.80 +46:17:29.9 24.0 21.9 3.4 −119.2 ± 7.3
83 00:30:15.19 +46:17:42.2 22.8 20.4 12.2 −66.5 ± 3.8
84 00:29:57.16 +46:17:57.1 24.9 21.8 5.0 −49.9 ± 13.9
85 00:30:05.33 +46:18:00.3 23.6 21.0 8.0 −48.7 ± 4.2
87 00:30:12.82 +46:18:02.5 24.5 21.9 3.9 −64.8 ± 3.6
88 00:30:19.82 +46:18:08.6 24.2 21.6 4.9 −132.9 ± 9.6
89 00:30:17.01 +46:18:11.7 22.5 20.5 9.7 −69.8 ± 5.4
90 00:29:59.57 +46:18:15.2 23.6 20.9 8.1 −63.8 ± 7.5
91 00:30:00.68 +46:18:58.4 24.0 21.6 2.6 −57.7 ± 12.6
94 00:30:00.23 +46:19:23.4 23.9 21.5 4.3 −57.7 ± 3.3
97 00:30:10.85 +46:19:47.5 22.0 21.0 5.8 −94.7 ± 4.9
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98 00:30:00.97 +46:19:58.9 24.0 21.4 4.7 −33.3 ± 7.9
99 00:30:00.83 +46:20:08.8 23.1 20.5 10.4 −25.5 ± 3.4
100 00:29:58.03 +46:20:09.9 24.5 22.0 5.2 −50.6 ± 7.1
102 00:30:13.84 +46:20:33.5 24.2 21.6 3.6 −55.0 ± 8.3
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Appendix C
Properties of confirmed stellar populations for
the Eastern Extent and Giant Stellar Stream
Table C.1: The table below shows the properties of stars in the confirmed stellar populations for the EE and
GSS fields listed in Table 4.1. The columns include: (1) Field name and star number; (2) Right Ascension in
J2000; (3) Declination in J2000; (4) i-band magnitude; (5) line of sight heliocentric velocity, vr ( km s−1); (6)
photometric metallicity and (7) Probability of membership of the EE or the GSS.
Field/Star α δ i vr [Fe/H]phot Pmemb
Eastern Extent fields
Af1
7 00:56:41.81 +36:08:53.10 22.26 −364.9±4.0 −0.3±0.13 0.67
11 00:56:48.13 +36:09:46.60 22.38 −319.4±6.1 −0.7±0.13 0.67
12 00:56:53.05 +36:10:53.30 21.60 −326.1±4.0 −0.6±0.13 0.75
13 00:56:55.19 +36:08:56.20 22.35 −368.0±14.3 −0.6±0.13 0.62
14 00:56:56.33 +36:10:28.50 21.72 −346.7±7.7 −1.3±0.13 0.80
18 00:57:06.08 +36:13:06.40 21.87 −338.5±6.2 −0.5±0.13 0.80
21 00:56:06.57 +36:12:43.40 22.12 −341.9±4.8 −0.8±0.13 0.80
28 00:56:23.94 +36:10:08.00 22.17 −366.7±8.1 −0.8±0.13 0.64
29 00:56:25.80 +36:12:11.70 21.79 −315.6±9.6 −0.6±0.13 0.62
Af2
8 00:59:29.63 +37:13:04.00 21.57 −338.8±6.3 −1.1±0.13 0.97
19 00:58:56.12 +37:12:38.20 21.85 −349.4±9.3 −0.5±0.13 0.95
24 00:59:13.62 +37:12:13.70 21.99 −325.2±6.2 −0.7±0.13 0.94
25 00:59:19.34 +37:15:41.50 21.80 −340.3±4.5 −0.6±0.13 0.97
27 00:58:32.34 +37:13:47.10 22.51 −321.1±7.7 −0.8±0.13 0.90
31 00:58:40.50 +37:12:47.40 22.16 −327.3±6.3 −1.2±0.13 0.96
33 00:58:45.19 +37:15:52.60 21.50 −336.0±5.3 −1.0±0.13 0.97
35 00:58:47.06 +37:16:00.90 22.24 −347.6±10.2 −1.0±0.13 0.96
Af3
6 00:58:16.63 +37:22:01.90 22.49 −351.9±11.3 −0.7±0.13 0.95
16 00:57:59.91 +37:22:30.30 22.19 −339.7±5.5 −1.0±0.13 0.94
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18 00:58:02.53 +37:24:01.80 22.08 −341.3±11.0 −1.0±0.13 0.94
19 00:58:02.94 +37:20:29.80 22.21 −357.8±7.0 −1.7±0.13 0.94
22 00:58:13.32 +37:23:17.90 22.42 −355.3±15.4 −0.4±0.13 0.95
29 00:57:22.14 +37:23:42.90 22.48 −331.7±5.7 −0.5±0.13 0.89
31 00:57:39.01 +37:21:41.40 21.52 −333.3±6.4 −1.6±0.13 0.90
33 00:57:10.76 +37:22:25.10 22.10 −354.2±8.7 −0.6±0.13 0.95
Af4
5 01:02:04.33 +38:08:38.00 22.25 −338.4±6.7 −0.4±0.13 0.93
7 01:02:13.24 +38:08:38.00 21.68 −315.1±6.1 −1.1±0.13 0.83
10 01:01:21.48 +38:08:38.00 21.40 −345.6±8.4 −1.4±0.13 0.92
12 01:02:00.90 +38:06:38.00 22.43 −369.7±7.8 −0.3±0.13 0.66
14 01:02:02.40 +38:07:38.00 22.16 −341.5±5.8 −0.6±0.13 0.93
18 01:02:11.95 +38:07:38.00 22.22 −319.5±6.8 −0.9±0.13 0.87
21 01:02:17.30 +38:05:38.00 22.44 −348.2±11.6 −0.4±0.13 0.92
25 01:02:23.78 +38:05:38.00 21.85 −332.7±6.1 −0.5±0.13 0.93
30 01:01:38.20 +38:06:38.00 22.17 −321.2±6.5 −0.4±0.13 0.88
32 01:01:51.75 +38:06:38.00 22.51 −326.1±5.3 −1.7±0.13 0.91
Af5
10 01:04:34.61 +39:40:39.00 21.78 −359.1±4.2 −0.6±0.13 0.63
22 01:04:07.19 +39:41:39.00 21.85 −344.6±4.8 −1.6±0.13 0.58
37 01:03:33.80 +39:39:39.00 22.29 −347.8±6.5 −1.2±0.13 0.61
38 01:03:41.83 +39:39:39.00 22.42 −367.7±5.3 −0.7±0.13 0.56
Af6
12 01:02:41.94 +40:07:40.00 22.14 −369.0±5.8 −0.6±0.13 0.94
13 01:02:42.54 +40:10:40.00 22.15 −349.9±5.7 −1.0±0.13 0.89
15 01:02:45.54 +40:09:40.00 22.08 −371.2±5.1 −0.9±0.13 0.94
22 01:02:55.38 +40:09:40.00 22.27 −416.3±6.9 −1.5±0.13 0.91
25 01:03:00.19 +40:09:40.00 21.35 −386.6±3.0 −1.0±0.13 0.95
28 01:02:04.88 +40:12:40.00 22.20 −370.9±6.3 −0.5±0.13 0.94
35 01:02:19.77 +40:11:40.00 21.89 −359.4±3.6 −0.6±0.13 0.92
Af7
9 01:01:57.82 +39:05:39.00 21.94 −369.3±4.3 −1.5±0.13 0.91
13 01:02:02.30 +39:04:39.00 21.96 −361.9±6.1 −1.0±0.13 0.90
15 01:02:06.62 +39:01:39.00 22.02 −365.2±5.7 −0.6±0.13 0.91
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19 01:02:11.88 +39:03:39.00 21.73 −375.7±10.4 −0.5±0.13 0.91
22 01:02:17.59 +39:01:39.00 22.32 −346.0±16.9 −0.9±0.13 0.68
24 01:01:18.54 +39:03:39.00 21.35 −374.6±3.4 −0.7±0.13 0.91
25 01:01:19.61 +39:02:39.00 21.98 −345.2±5.9 −0.4±0.13 0.66
29 01:01:34.18 +39:04:39.00 22.41 −362.2±11.1 −0.7±0.13 0.90
41 01:01:12.26 +39:04:39.00 22.02 −368.1±6.5 −0.4±0.13 0.91
Giant Stellar Stream fields
S01
11 00:52:48.55 +37:17:34.00 21.63 −343.8±6.8 −0.6±0.13 0.68
15 00:52:49.85 +37:24:41.10 21.89 −371.4±7.3 −0.5±0.13 0.74
17 00:52:42.30 +37:19:13.50 22.12 −371.4±9.7 −0.7±0.13 0.74
18 00:52:47.66 +37:23:49.60 22.95 −357.1±4.9 −1.4±0.13 0.76
21 00:52:45.88 +37:23:41.40 21.90 −341.9±12.8 −0.4±0.13 0.65
23 00:52:40.48 +37:22:24.60 22.64 −375.1±17.5 −0.2±0.13 0.72
25 00:52:38.26 +37:18:31.60 21.88 −364.4±9.3 −0.4±0.13 0.76
32 00:52:45.68 +37:17:27.40 22.11 −386.4±17.9 −0.2±0.13 0.59
47 00:52:48.93 +37:14:12.80 22.23 −357.6±6.9 −0.8±0.13 0.76
53 00:52:36.65 +37:12:20.80 22.26 −386.4±5.0 −0.9±0.13 0.59
60 00:52:36.30 +37:10:55.40 21.57 −334.9±4.7 −0.5±0.13 0.55
64 00:52:46.59 +37:15:30.50 22.68 −355.6±12.2 −0.6±0.13 0.76
67 00:52:44.02 +37:10:08.30 22.00 −355.8±6.1 −0.3±0.13 0.76
S02
6 00:51:23.72 +37:50:32.50 21.44 −374.9±4.7 −0.9±0.13 0.95
8 00:51:25.51 +37:49:40.80 21.93 −394.6±7.6 −1.1±0.13 0.91
13 00:51:22.27 +37:49:21.20 22.84 −357.2±2.4 −0.7±0.13 0.93
15 00:51:25.33 +37:47:35.70 22.30 −400.2±10.6 −0.7±0.13 0.88
16 00:51:27.65 +37:47:52.00 22.34 −394.4±13.6 −0.5±0.13 0.91
17 00:51:27.42 +37:50:53.80 22.27 −343.0±4.2 −0.1±0.13 0.86
18 00:51:20.02 +37:48:10.10 21.71 −352.6±8.5 −0.5±0.13 0.92
21 00:51:32.85 +37:46:54.10 22.54 −356.9±12.4 −0.2±0.13 0.93
27 00:51:27.68 +37:51:39.30 22.43 −350.3±4.7 −0.1±0.13 0.91
29 00:51:26.91 +37:44:16.90 22.66 −378.2±4.2 −0.1±0.13 0.95
33 00:51:34.82 +37:48:00.50 21.52 −329.4±4.0 −0.5±0.13 0.62
34 00:51:34.79 +37:49:31.50 21.99 −376.8±10.0 −0.3±0.13 0.95
35 00:51:38.41 +37:44:44.90 22.37 −372.9±7.7 −0.2±0.13 0.95
37 00:51:44.12 +37:48:23.20 22.47 −379.4±6.7 −0.2±0.13 0.95
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40 00:51:36.20 +37:46:33.20 22.18 −355.4±11.4 −0.2±0.13 0.93
53 00:51:26.56 +37:39:37.60 21.76 −418.0±19.3 −0.5±0.13 0.59
54 00:51:28.49 +37:37:11.40 22.37 −370.6±6.3 −0.2±0.13 0.95
56 00:51:26.72 +37:38:16.10 22.09 −363.7±13.6 −0.2±0.13 0.95
57 00:51:28.18 +37:37:51.40 22.10 −403.4±6.4 −0.3±0.13 0.85
58 00:51:43.31 +37:42:04.40 21.68 −381.9±3.1 −1.3±0.13 0.95
64 00:51:39.82 +37:41:44.60 21.83 −341.2±8.1 −0.5±0.13 0.84
65 00:51:38.02 +37:42:44.80 22.00 −352.2±10.1 −0.4±0.13 0.92
67 00:51:38.48 +37:39:27.70 22.35 −353.8±7.0 −0.4±0.13 0.92
68 00:51:36.40 +37:40:42.80 22.25 −371.5±8.4 −0.3±0.13 0.95
70 00:51:44.08 +37:42:13.30 22.33 −364.9±3.1 −0.1±0.13 0.95
71 00:51:37.60 +37:38:43.90 22.48 −394.6±16.7 −0.1±0.13 0.91
76 00:51:43.62 +37:38:25.40 21.92 −359.6±5.2 −0.3±0.13 0.94
S06
9 00:46:25.64 +39:31:54.30 21.85 −441.4±3.9 −0.4±0.13 0.91
21 00:46:21.56 +39:35:29.90 22.33 −410.4±4.3 −0.6±0.13 0.75
50 00:46:34.34 +39:32:19.20 22.02 −443.3±18.3 −0.3±0.13 0.91
55 00:46:32.01 +39:30:04.50 21.95 −406.4±4.0 −0.3±0.13 0.66
66 00:46:21.70 +39:23:44.50 22.00 −430.1±12.8 −0.3±0.13 0.91
S08
No GSS stars
S24
12 00:49:46.54 +36:21:04.20 21.45 −354.7±7.3 −0.9±0.13 0.71
13 00:49:13.71 +36:20:47.60 21.52 −343.8±4.1 −1.0±0.13 0.74
14 00:48:56.23 +36:20:23.10 21.84 −352.0±5.9 −1.7±0.13 0.74
15 00:49:17.32 +36:17:54.50 21.52 −338.6±5.8 −1.0±0.13 0.68
47 00:49:48.34 +36:17:06.40 21.66 −350.5±5.2 −0.4±0.13 0.74
59 00:49:07.24 +36:17:10.50 22.28 −362.3±4.8 −0.3±0.13 0.56
S26
15 00:45:55.19 +38:26:01.00 21.88 −427.0±5.7 −1.7±0.13 0.89
23 00:46:11.22 +38:26:07.30 21.40 −408.0±5.3 −0.7±0.13 0.89
25 00:45:24.77 +38:26:17.70 22.87 −426.5±3.6 −0.2±0.13 0.89
32 00:45:16.36 +38:26:14.00 22.18 −399.1±14.5 −0.3±0.13 0.85
33 00:45:33.66 +38:29:20.70 21.67 −404.2±3.5 −0.6±0.13 0.88
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36 00:46:10.57 +38:25:53.00 22.48 −431.0±4.0 −0.5±0.13 0.87
38 00:45:44.67 +38:28:21.90 21.68 −401.2±11.6 −0.8±0.13 0.86
39 00:45:10.58 +38:26:36.80 21.66 −396.8±6.0 −0.7±0.13 0.84
43 00:46:01.42 +38:29:12.90 21.96 −425.2±3.6 −0.8±0.13 0.89
51 00:45:33.36 +38:29:33.20 22.98 −424.4±2.1 −0.1±0.13 0.89
52 00:46:02.70 +38:29:26.60 21.59 −418.1±4.0 −0.5±0.13 0.90
56 00:46:12.37 +38:25:44.00 22.20 −401.2±12.8 −0.6±0.13 0.86
57 00:45:59.05 +38:26:56.20 22.60 −415.0±6.5 −0.5±0.13 0.90
60 00:46:16.26 +38:28:48.10 22.49 −394.7±8.0 −0.4±0.13 0.82
69 00:45:45.27 +38:27:53.90 21.35 −396.3±4.4 −0.9±0.13 0.83
70 00:45:17.47 +38:26:20.80 22.17 −419.6±8.9 −0.4±0.13 0.90
72 00:46:20.88 +38:29:36.30 21.91 −385.6±9.1 −0.6±0.13 0.69
77 00:45:14.09 +38:28:55.90 22.32 −417.9±4.9 −0.2±0.13 0.90
80 00:45:23.01 +38:28:10.80 22.30 −378.8±3.0 −0.6±0.13 0.53
92 00:45:20.81 +38:26:55.50 21.59 −427.6±5.0 −0.5±0.13 0.88
109 00:45:28.35 +38:29:12.60 21.94 −412.9±11.6 −0.3±0.13 0.90
139 00:46:13.75 +38:29:48.90 21.67 −443.5±9.1 −1.2±0.13 0.76
147 00:45:53.92 +38:27:03.20 21.99 −380.8±7.8 −0.5±0.13 0.58
S27
10 00:48:08.45 +38:39:41.10 22.41 −439.9±14.8 −0.2±0.13 0.99
11 00:48:01.71 +38:39:56.70 21.40 −439.3±4.4 −1.0±0.13 0.99
14 00:48:04.86 +38:44:14.30 21.43 −444.0±3.1 −0.9±0.13 0.98
17 00:48:16.27 +38:42:12.90 21.51 −404.7±3.0 −0.8±0.13 0.95
19 00:48:35.92 +38:41:45.40 21.31 −424.9±2.9 −0.8±0.13 0.99
24 00:48:27.91 +38:39:54.40 22.00 −431.9±7.0 −1.2±0.13 0.99
26 00:48:20.84 +38:41:12.50 21.36 −444.4±7.7 −0.7±0.13 0.98
28 00:48:46.24 +38:43:37.40 21.97 −406.4±4.2 −1.0±0.13 0.96
29 00:47:57.75 +38:40:58.00 22.74 −447.0±4.2 −0.1±0.13 0.98
35 00:48:43.49 +38:42:34.90 21.86 −427.3±5.6 −0.4±0.13 0.99
36 00:48:57.50 +38:40:37.20 21.93 −418.1±3.9 −0.7±0.13 0.99
38 00:47:59.07 +38:42:51.30 22.40 −433.8±7.9 −2.0±0.13 0.99
45 00:48:32.04 +38:42:03.50 22.13 −443.2±11.6 −0.2±0.13 0.98
50 00:48:17.30 +38:42:19.80 22.89 −449.7±11.0 −0.2±0.13 0.97
51 00:48:24.83 +38:42:48.80 21.93 −437.2±6.0 −0.7±0.13 0.99
52 00:49:12.79 +38:40:32.90 21.56 −417.5±3.6 −0.6±0.13 0.99
53 00:48:16.97 +38:41:07.90 22.53 −407.8±3.6 0.0±0.13 0.97
54 00:48:13.92 +38:42:20.10 21.98 −399.7±9.5 −0.7±0.13 0.89
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55 00:48:02.48 +38:39:41.40 21.40 −441.8±16.6 −1.0±0.13 0.99
57 00:48:50.81 +38:42:00.80 22.47 −428.0±7.5 −0.7±0.13 0.99
58 00:48:30.73 +38:42:21.90 22.33 −443.2±8.1 −0.6±0.13 0.98
59 00:48:55.36 +38:40:10.10 22.04 −417.1±3.9 −0.4±0.13 0.99
61 00:48:56.75 +38:39:52.70 22.07 −417.1±6.8 −0.3±0.13 0.99
62 00:48:18.17 +38:42:58.50 22.14 −437.7±8.6 −0.4±0.13 0.99
66 00:49:00.52 +38:41:08.00 22.09 −435.3±6.3 −0.4±0.13 0.99
68 00:48:37.97 +38:40:38.50 22.39 −429.8±3.0 −0.1±0.13 0.99
71 00:48:20.45 +38:40:56.60 22.52 −403.6±3.7 −0.2±0.13 0.94
72 00:48:02.96 +38:41:50.40 21.78 −422.2±3.5 −0.4±0.13 0.99
74 00:48:15.06 +38:42:22.20 22.16 −422.9±4.0 −0.2±0.13 0.99
75 00:47:59.52 +38:42:19.80 22.03 −440.0±5.6 −0.3±0.13 0.99
78 00:48:23.39 +38:41:50.20 22.22 −428.9±8.8 −0.2±0.13 0.99
82 00:48:09.20 +38:44:28.00 22.38 −440.4±11.5 −0.2±0.13 0.99
84 00:48:51.20 +38:42:11.30 21.98 −424.0±5.4 −0.4±0.13 0.99
86 00:48:40.78 +38:40:28.10 22.21 −419.0±2.2 −0.2±0.13 0.99
87 00:48:00.84 +38:41:04.00 22.28 −426.7±9.0 −0.1±0.13 0.99
90 00:48:19.98 +38:41:04.60 22.11 −428.0±10.9 −0.3±0.13 0.99
91 00:49:04.13 +38:39:58.70 22.51 −406.8±8.4 −1.7±0.13 0.96
93 00:48:23.93 +38:43:13.40 22.65 −414.8±5.2 −0.2±0.13 0.98
97 00:48:27.56 +38:42:55.40 22.03 −435.5±10.4 −0.3±0.13 0.99
101 00:49:10.99 +38:40:56.80 22.42 −422.9±4.2 −0.2±0.13 0.99
102 00:48:49.22 +38:42:51.80 22.20 −436.5±5.2 −0.2±0.13 0.99
137 00:48:22.78 +38:40:30.70 22.23 −430.2±11.0 −0.2±0.13 0.99
138 00:48:12.02 +38:43:59.90 21.84 −419.1±5.2 −0.4±0.13 0.99
139 00:48:09.68 +38:43:04.00 21.82 −416.3±5.0 −0.4±0.13 0.99
140 00:49:08.47 +38:39:57.10 22.19 −423.6±4.7 −0.2±0.13 0.99
149 00:48:25.29 +38:41:13.70 22.02 −428.3±5.3 −0.3±0.13 0.99
152 00:48:44.15 +38:42:06.40 22.12 −414.9±9.3 −0.2±0.13 0.98
143
Appendix D
Permissions
D.1 Publications
The paper by Preston et al. (2019) has been published in the Monthly Notices of the Royal Astronomi-
cal Society published by Oxford University Press (see http://www.oxfordjournals.org/).
Under the licence agreement, as first author, I have the right to include this paper in full in this thesis,
see https://academic.oup.com/journals/pages/authors/authors_faqs/online_
licensing#six.
D.2 Figure - PAndAS Footprint
Permission to use the PAndAS footprint figure was assumed to have been given by its originator Alan
McConnachie as he provided it to me for inclusion in the paper by Preston et al. (2019) and is one
of the co-authors. Permission to use this figure was also obtained from the publishers of the first
publication in which it appeared, McConnachie et al. (2018), the AAS journals on 30th September,
2019.
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